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Deep sand and sand on clay profiles occupy a large proportion of the Cambodian 
landscape. However, the diversity and the factors affecting origin and formation of sand 
profiles of Cambodia has not been explored and analysed in detail. Moreover, currently 
there is limited knowledge about the edaphic properties of these sands particularly those 
that are limiting to agricultural production. The present study concentrated on origin and 
properties and some management methods to ameliorate acidity of sands in south-eastern 
Cambodia.  
From texture analysis of 19 profiles sampled along toposequences in four study 
areas (Kampot, Tramkak, Ponhea Krek, and Rolea Bíer/Tuek Phos districts), sand fractions 
ranging from 63 to 200 μm and 200 to 600 μm were predominant in most profiles, except 
for Kampot 4, where the fraction was dominated by sand grains from 200 to 600 μm and 
five profiles from Kampong Chhnang province, where the three medium-coarse sand 
fractions (63-200, 200-600 and 600-2000 μm) were equally dominant.  Clay content was 
generally < 100 g/kg within 0-80 cm depth but mostly increased from 60 to 160 cm depth. 
Sub-angular and sub-rounded grains were the major shapes of sand grains in most profiles 
(20-80 %). Sub-angular shapes of sand grains in Tramkak and Kampong Chhnang generally 
decreased from the site at the base of mountain to the lower part of the toposequence. In 
contrast, percentages of sub-rounded grains were higher in the profile in the lower part of 
the toposequence. Moderately spherical sand grains were the major class in all profiles, 
ranging from 40-75 % of grains. Based on the above analysis and their proximity to the 
mountains, the sand profiles sampled along toposequences in four study areas of south-east 
Cambodia showed the major influence of in situ weathering of siliceous parent materials 
and to a lesser extent colluvial transport of sands. There was no evidence of long range 
transport of the sand grains or of any aeolian processes in re-working of the sands. 
III 
All the sands were strongly acid with pH (CaCl2) around 4. When pH was 4.2 or 
greater there was limited exchangeable Al while at pH 4 or less exchangeable Al 
comprised 30% or more of the effective cation exchange capacity (ECEC).  The DPTA 
extractable Mn varied from low and potentially deficient values to potentially toxic levels.  
Almost all the topsoils had low levels of extractable P, K, S, Zn and B that suggest 
deficiency risk for crops.  
The pot experiments on mung bean response to lime application on acid sands 
of two contrasting sands from Ponhea Krek1 (PK), and Kampong Chhnang 4 (KC) 
showed that near maximum growth of mung bean (90-95 % of maximum) was achieved 
at 0.60-0.76 t of lime /ha in PK and 0.4-0.65 t of lime /ha in KC. Lime at 1 t/ha reduced 
leaf Mn concentrations from toxicity levels to suitable values for mung bean growth, but 
resulted in marginal or deficient levels of leaf P. 
Despite relatively short duration of the experiments, there was evidence of  
mobility of exchangable Ca from lime-treated topsoil to the untreated subsoil.  In addition, 
pH increases up to 25 cm below the depth of lime incorporation were recorded even at 
CaCO3 or Ca(OH)2 rates of 1 t/ha. These results suggests that subsoil amelioration of 
acidity may be feasible after shallow surface application of lime on weakly buffered sands 
subject to monsoonal rainfall. 
Field experiment results also showed strong response of mung bean grain yield 
to lime application on the two acid sands (Tramkak 1-TK, PK). To achieve 90-95 % of 
maximum grain yield required 0.6-0.7 t of lime/ha in TK and 0.8-0.9 t/ha in PK. In 
contrast, incorporating lime only within subsoil had limited effect on mung bean growth 
and grain yield. Given the heavy and frequent rainfall in the wet season, mixing 1 t of 
lime/ha within 10-15 cm depth should be an effective method of lime application on acid 
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1.1 RESEARCH ISSUES AND QUESTIONS  
Sand-textured surface horizons (ranging from 15-40 cm depth; e.g. White et 
al. 1997) cover a large proportion of Cambodia while deep sands are also common 
(Seng et al. 2005). Their management is critically important to the sustainable 
development of agriculture in the country (Seng et al. 2005). The widespread 
distribution of siliceous Mesozoic sedimentary rocks in Cambodia accounts for most 
of sands and their abundance (Seng et al. 2005). However, the diversity of sandy soils 
in both the lowlands and uplands of Cambodia has not been explored in detail. Neither 
has there been in-depth analysis of the factors affecting origin and formation of sand 
profiles. Moreover, currently there is limited knowledge about the edaphic properties 
of these sands particularly those that are limiting to agricultural production. 
Some authors point to colluvial and alluvial processes to explain the 
distribution of sandy materials in the rice soils of Cambodia (White et al. 1997). Other 
authors suggest that dispersion and lateral transport of clays may account for the 
depletion of clays in surface soils (Umarova and Ivanova 2008). Brinkman (1970) 
suggested ferrolysis, resulting in the destruction of clay minerals, is a key factor in the 
low clay content of profiles with sand-dominant surface horizons in soils. However, 
Van Ranst and De Coninck (2002) have questioned whether ferrolysis is a significant 
factor affecting the destruction of clays in seasonally wet soils.  
There has been no detailed study on the origin and geomorphologic processes 
associated with sand profiles in Cambodia to date (Seng et al. 2005). Previous studies 
have been mostly in the soils of the seasonally flooded areas (commonly known as 
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lowlands) where the fields have been used for wetland rice production (White et al. 
1997). White et al. (1997) classified Cambodian rice soils into 11 Soil Groups, of 
which two Groups, Prey Khmer and Prateah Lang, have sand-textured surface 
horizons. Soils with a sand or loamy sand surface texture less than 50 cm deep were 
classified as Prateah Lang Soil Group, while those with sand or loamy sand texture 
deeper than 50 cm were grouped into Prey Khmer. These two soil groups account for 
39 % of the mapped rice growing lands. 
Soil investigations in Tramkak district of Takeo province, Ponhea Krek 
district of Tboung Khmum (previously Kampong Cham province), and Kong Pisei 
district of Kampong Speu province have previously identified a range of sand profiles 
(Fig. 1.1), but have been limited to describing soil-landscape relationships (Hin et al 
2007a, 2007b) rather than origins of the soils or distinguishing between different types 
of sand profiles in terms of their constraints for crop management. The pedological 
processes of sand soil profile formation in these districts may not be common to other 
sandy terrains in Cambodia on account of geological, relief and climatic differences. 
The focus of these studies by Hin et al. (2006, 2007a, 2007b) was on upland soils 
rather than padi soil, although a selection of the latter were included. The present study 
aims to determine similarities and differences among sand profiles in different parts of 
south-eastern Cambodia to explore the influence of marine, alluvial, colluvial and in 
situ weathering processes in their pedology and properties for use and management. 
Preliminary analysis of a range of sand profiles in Cambodia indicates that 
large differences in aluminium (Al) saturation of the effective cation exchange 
capacity (ECEC) exist among profiles. Some profiles have > 80% Al saturation below 
12 cm depth, other profiles have less than 10 % Al saturation throughout (Seng et al. 
2005). The management of the highly acid forms of sands will be quite different from 
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those with non-acid profiles. At present, there is inadequate knowledge of the causes 
of differences in key properties of sands such as acidity, or factors affecting the 
different levels of acidity in sands and their geographical distribution.  
 
 
Figure 1.1  South-eastern Cambodia, showing four selected study areas and sampling 
locations. 
To understand the nature and diversity of sand profiles of Cambodia and their 
edaphic properties, the present study was conducted to answer the following research 
questions: 
• What geological properties and geomorphic processes have contributed to 
formation of sand-dominated profiles in South-Eastern Cambodia?  This is 
examined in Chapter 2. 
• What are the physical and chemical differences among upland and lowland sands 
from South-Eastern Cambodia? This question is examined in Chapters 2 and 3. 
• How do properties of sands, particularly those related to acidity, affect the growth 
and yield performance of crops?  This question is explored in Chapters 4-6. 
• What effective liming treatments can alleviate topsoil and subsoil acidity limitations 
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on sands in South-Eastern Cambodia? This question is also explored in Chapters 4-6. 
Finally, in Chapter 7, general discussion about the salient results are presented 
and conclusions outlined, together with recommendations for the on-farm 
management of acidity limitations on sands. 
The remainder of this Chapter is devoted to the review of salient literature 
which justifies and refines the research questions and identifies key knowledge gaps 
on which experiments are based. 
1.2 LITERATURE REVIEW  
1.2.1 Definition and classification of sands 
Sands are soil particles larger than 20 µm and smaller than 2000 µm (Marshall 
2003). Sand factions are often sub-divided into fine (20-200 µm), and coarse sand 
(200-2000 µm), although further sub-divisions are used in studies on the origin of 
sands. In the US Soil Taxonomy, by contrast with the International Union of Soil 
Science (IUSS), the division between silt and sand is placed at 63 rather than 20 µm 
(Soil Survey Staff 1999). The classification of IUSS is used in this thesis for texture 
classification of profiles (Chapters 2, 3). 
In the World Reference Base (WRB) soil classification system, deep sands 
are grouped in the Arenosols, defined as soils containing more than 65 % sand fraction 
and less than 18 % clay to a metre depth (FAO-ISRIC 1998). Podsols also generally 
contain < 10 % clay and are commonly deep sands (Diessen et al. 2001). Deep sands 
(deeper than 100 cm) may occur in other Reference Soil Groups such as Fluvisols. 
However, Arenosol and Podsol are the main WRB Groups for deep sands (FAO-
ISRIC-ISSS 1998). Surface sand textures (< 50 cm depth) also occur in Acrisols, 
Luvisols or Planosols ( Diessen et al. 2001). In US Soil Taxonomy, deep sands are 
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classified as sandy Entisols: Psamments when well-drained, or as Psammaquents when 
in tidal marshes, delta and wetlands (Soil Survey Staff 1999). It is important to reiterate 
that in US Soil Taxonomy, sands are defined as particles > 63 µm, and hence omit part 
of the fine sand range used in the WRB.  
In the Cambodia Agronomic Soil Classification (CASC), the sandy texture 
classification is given to soils with sand or loamy sand texture by the definition of US 
Soil Taxonomy (i.e. where sand has particle diameter > 63 µm; White et al. 1997). In 
the Fertility Capability Classification (FCC; Sanchez et al. 2003), sand (i.e. sand and 
loamy sand texture classes as defined in US Soil Taxonomy) is one of the limitations 
used to rate soil capability. By contrast, a loamy qualifier is applied if the clay is < 35 
% provided the texture is not sand or loamy sand.  Hence in FCC, sandy loam textures, 
while classified as Arenosols, would not be given the sandy qualifier since the degree 
of limitation on crop production is not significant. 
Sand in this thesis will refer predominantly to soils with both surface and sub-
surface sand and loamy sand texture (deep sands) as well as profiles with surface sand 
and loamy sand texture only. Since many studies refer only to the soil texture class 
rather than the particle size distribution, and may not report texture to 1 m depth or 
more, it is not possible to strictly apply the Arenosols definition to deep sands. 
However, if the texture class is sand or loamy sand and sandy loam texture in the IUSS 
texture definition, these classes will mostly contain < 18 % clay, the requirement for 
classification as an Arenosol. 
1.2.2 Global distribution of sands 
Deep sands occur in diverse parts of the world. The most comprehensive 
mapping of the deep sands is the areal distribution of the Arenosols which cover around 
900 million ha worldwide, more than other important soils such as Vertisols that cover 
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about 300 million ha and Ferralsols that cover 750 million ha (Diessen et al. 2001).   
Fifty-one percent of the world’s Arenosols are found in Africa whereas small patches of 
this Group occur in North America and Europe. Arenosols in Australia and South and 
Southeast Asia account for about 21 % and 10 % of the global Arenosols, respectively 
(Hartemink and Huting 2005).  Podsols which include deep sands also cover 485 million 
ha, but as this is mostly in northern hemisphere temperate and boreal environments, 
Podsols will not feature strongly in the following review (Diessen et al. 2001). 
Tropical sands are commonly found in the landscapes where quartz-rich 
volcanic or siliceous sedimentary rocks and their erosional products are found (Bell 
and Seng 2007; Hartemink and Huting 2008). They are also prevalent in desert regions, 
and as beach deposits and dunal features in coastal zones (Diessen et al. 2001). 
An extensive area of sands occurs in the lower Mekong basin in Southeast 
Asia (Mekong River Commission (MRC) 2002). In Northeast Thailand, sandy soils 
cover 80 % of the region (Yuvaniyama 2001). Small areas of sand also occur in other 
parts of Thailand covering 2 %, 11 %, and 9 % of the North, Central/East, and Southern 
regions, respectively (Office of Soil Survey & Land Use Planning 2002).  
In Vietnam, sands cover about 0.6 of million hectares (4.61 % of agricultural 
soils), mainly in coastal dunal deposits, as alluvium along some large rivers and where 
soils developed in situ or are derived from sandstone and granite rocks (Vietnam Soil 
Association 1996; Bell et al. 2015). These soils have a low inherent nutrient supplying 
capacity, low organic matter content and limited water holding capacity (Ha et al. 
2005; Bell et al. 2015). 
From a review of Arenosols in southern Africa, it is clear that most contain 
> 90 % sand and typically < 5 % clay (Table 1.1). Similarly, in sands from Thailand 
> 90 % sand is found while the clay content was < 5 %.  Higher silt content was 
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reported in the Thai profiles than the African Arenosols (Table 1.1). Bulk density 
was generally 1.4-1.7 t/m3. 
In Cambodia, Arenosols account for only 1.6 % of the land area ( MRC 2002); 
however, sand-textured surface soils cover a larger proportion of the Cambodian 
landscape and are more widespread than deep sands that belong to Arenosols of the 
WRB (MRC 2002; Seng et al. 2005). The Acrisol Soil Group, which consists of sand-
textured surface soils, occupies almost half of the land area of Cambodia.  
Table 1.1 Summary of soil physical properties of Arenosols in some African countries 











South Africa 0-10 91 4 5 n.d 
10-20 91 4 5 n.d 
20-30 90 5 5 n.d 
Mozambique 0-10 89 5 6 1.47 
10-20 89 5 6 1.47 
20-30 90 4 6 1.40 
Botswana 0-10 94 3 3 1.65 
10-20 94 3 3 1.65 
20-30 94 2 4 1.67 
Namibia 0-10 94 3 3 n.d  
10-20 94 3 3 n.d 
20-30 93 3 4 n.d 
Thailand  0-13 93 4 3 1.32 
13-21 92 8 0 1.49 
21-60 93 6 1 1.46 
60-80 93 6 2 n.d 
80-125 92 8 0 n.d 
125-130 94 6 0 n.d 
130-155 92 4 5 n.d 
150-160 93 7 1 n.d 
160-180+ 93 2 5 n.d 
n.d : no data 
 
Despite their prevalence and importance for agriculture, detailed information 
about distribution of soils with sand-texture horizons and their properties in Cambodia 
are lacking. The distribution of sand-textured soil in the whole country is not mapped. 
A recent soil map (1:250,000) of most of Cambodia was completed based on the FAO 
World Soil Map (FAO-ISRIC-ISSS 1998) as a part of a soil resources map for the 
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lower Mekong Basin (MRC 2002). However, this map does not cover areas of 
Cambodia outside the Mekong River basin in eastern provinces of Prey Veng and Svay 
Rieng, and the southern parts of Kampot, Kampong Som, Koh Kong, and Pursat. 
Hence there are significant areas of sands in Cambodia not covered in the MRC map 
of 2002.  A map of soils of the main rice growing area which was completed based on 
a small scale map (1:900,000) of the whole country (Oberthür et al. 2000b), hardly 
described any soils of upland areas where the soils are predominantly formed on the 
sandstones and related siliceous formations (Seng and White 2004).  
1.2.3 Origins of sand 
1.2.3.1 Origins of sands and their surface features 
Sands are mostly derived from quartz-rich source materials (bedrock) and 
their weathered products which may be re-distributed by glacial, littoral, glacial and 
littoral combined, aeolian, and high-energy alluvial transportation and chemically 
altered by diagenesis and by both physical and chemical weathering (David and John 
1973; Diessen et al. 2001). 
Granites, granite gneisses, quartzite, andesite and rhyolite are the original 
sources of the vast majority of quartz grains. The quartz grain size will however, vary 
with the texture of the source rock.  
Sandstones occur in sedimentary basins and their weathering also releases 
sand-size grains. Sandstones may be formed by deposition of sediments in either 
continental or sub-aqueous environments which has a bearing on the composition of 
the cement holding the sand grains together and hence on their subsequent weathering. 
The sand in sandstones can vary in texture, roundedness and sphericity. Sandstones in 
Cambodia vary in composition comprising conglomerates, and coarse through to fine-
textured sandstone. Inclusions of strata of siltstone, shale and marl occur within 
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sandstones in Cambodia (Workman 1972) and this affects the particle size distribution 
of the derived soil following the weathering, transport and mixing of released 
sediments. 
1.2.3.2 Determining the origin of sands and deep sand profiles 
To determine the origin of sands, particle size distribution, roundness, 
sphericity and microtextures of quartz grains are useful diagnostic properties, as are 
chemical properties (cations, heavy minerals) (Newsome 2000; Madhavaraju et al. 
2006; Maroulis et al. 2007) or the trace element signature of quartz grains (Ackerson 
et al. 2015). Quartz grains are highly durable through cycles of transport and 
deposition (Rimmington et al. 2000). The surface features of quartz commonly reveal 
a record of its transport, pedogenesis and or diagenesis history (Maheney 2002). 
Hence, analysis of quartz grains is commonly used to determine the pedological 
processes affecting formation of sand profiles and to determine the provenance of the 
quartz grains from the parent material. Roundness, sphericity and microtextures of 
quartz grains had been analysed and used as indicators of the origin and the processes 
of soil formation of sands by Newsome and Ladd (1999). They used roundness and 
sphericity values and quartz grain microtextures to explore the origins of sand terrains 
in Western Australia. Previous studies had proposed that those sands in the Victoria 
Plateau of Western Australia were derived from a wind-blown sand sheet. However, 
low roundness values and the lack of mechanically-derived microtextures such as 
upturned plates, percussion pits, scratches, cracks, conchoidal features and v-shaped 
pits in sands, suggested that the sands of Victoria Plateau of Western Australia have 
an in situ origin (Newsome and Ladd 1999).  The particle size distribution of sands 
throughout the depth of the profile and heavy mineral composition had a close 
similarity to that of sand grains in underlying bedrock, further supporting the argument 
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for in situ origin. However, the strength of the conclusions drawn by Newsome and 
Ladd (1999) rest not on any single piece of evidence about the sand grains, but rather 
the combinations of evidence from different approaches. By contrast, other studies, 
such as Madhavaraju et al. (2006), only analysed the microtexture of quartz grains to 
determine the provenance and depositional environment of quartz grains from the 
Cauvery basin, South India. 
The following section is a review of the salient methods that can be used to 
determine the origin of sands with a view to identifying those most suitable for 
addressing the question of the geological properties and geomorphic processes that 
have contributed to formation of sand-dominated profiles in South-Eastern Cambodia. 
Various classifications of sand surface features or microtextures have been 
proposed (David and John 1973; Krinsey and Doomkamp 1973; Helland et al. 1997; 
Mahaney 2002). Helland et al. (1997) divides a total of 26 microtexture types into 
three broad categories; mechanical, morphologial and chemical. A complete list of the 
types is shown in Table 2.3, while photographic examples of microtextures found in 
the present study are shown in Figure 2.6. 
Completely unweathered quartz grains are very rare while 90-95% of the 
grains contains complex solution and precipitation features along with mechanical 
features (David and John 1973). Diagnostic microtexture features can be used to 
classify quartz grains in sand deposits, predict the source bedrock (e.g. weathered 
granite and granite gneiss) and subsequent transportation and weathering 
environments (e.g. Newsome and Ladd 1999; Madhavaraju et al. 2006; LeBaron et al. 
2011). After separation from the parent rocks, unweathered quartz grains derived from 
igneous rocks (especially granite and granite gneiss) contain three basic features: 
conchoidal breakage patterns, upturned plates, and flat upper and lower surfaces. Large 
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grains contain conchoidal breakage patterns and small grains upturned plates and flat 
upper and lower surfaces. These surface microtexture features can be used as 
diagnostic tools to study the origin and weathering history of sand grains from granite.  
Other microtexture features reflect chemical, physical, or biological change to 
sediment after its initial deposition and during and after its lithification (diagenesis) 
(Helland et al. 1997; Mahaney 2002). The grains derived under diagenetic environments 
generally feature dissolution and re-deposition of silica. In one grain, solution can occur 
on upturned plates in one area and precipitation on other plates. Formation of grain 
surface features depends on the rate of silica precipitation. An undulating topography 
without projections is formed on the quartz surface if silica is precipitated rapidly. A 
moderate rate of silica precipitation occurs on upturned plates or may create a new set 
of upturned plates on the cleavages traces. Low rates of precipitation of silica create 
precipitation projection on grain surfaces and if there is an enough space, quartz crystal 
terminations may form on the grain surfaces (David and John 1973). Hence, 
microtexture features associated with solution processes are key diagnostic features that 
can be used to determine the influence of diagenesis on sands. 
Microtexture of sand grains derived from weathered sedimentary rocks tends 
to reflect the predominant processes altering the quartz grains before deposition of the 
sediments (Mahaney and Kalm 2001). In the case of quartz in sandstones in Estonia, 
the microtexture was indicative of fluvial transport and the sand grains were primarily 
rounded grains, well abraded, with v-shaped percussion scars. In Cambodia, where 
sandstone is the main bedrock microtexture of the sand grains has not been 
investigated previously.  
In a glacial environment, fresh quartz sand grains are generally very angular 
and if there has been no chemical or mechanical alteration, their edges and corners are 
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very sharp. The larger grains contain typical conchoidal fractures and the small grains 
contain flat cleavage surfaces and upturned cleavage plates along with some conchoidal 
breakage patterns. These features may be similar to those of unweathered grains derived 
from source of material. But the grains in a glacial environment have greater variability 
in size and types of conchoidal fractures and cleavage plates if there has been a 
significant amount of glacial grinding (David and John 1973). Generally, edges and 
surfaces of grains in a glacial environment and grain shape are modified by weathering, 
digenesis, and mechanical action as they are carried away from glacial front through 
stream action. Following transport by streams, the grains become more rounded and 
their sharp edges and surfaces are more rounded and smoother. Grain rounding can 
concurrently occur with solution and precipitation (David and John 1973). There is no 
evidence of glacial modification of the geology of Cambodia (Workman 1972) so these 
features are not expected to be encountered in the sand grains of soil profiles. 
In sub-aqueous environments, sand grains are transported, abraded, and 
deposited by marine or non-marine waters. Mechanical and chemical features can be 
found on sand grains in this environment; however, mechanical features predominate 
(Zakir Hossain et al. 2014; Krishnan et al. 2015). Edges of large grains in the 
subaqueous environment are rounded. Mechanical V-shape patterns or depressions are 
the most typical characteristic microtexture features found on sand grain surfaces in 
this environment. This feature can be seen at magnifications of about 1000 X. Silica 
precipitation can make smooth surfaces on the grain. Straight or curved grooves across 
grain surfaces can be found if the grains are transported under high energy conditions. 
On low-energy beaches, chemical etch patterns and mechanical V-shaped pits can 
occur on the same grain but etch patterns predominate (David and John 1973). If the 
amount of energy increases, the mechanical V-shape pits will increase in parallel but 
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chemical etch patterns decrease (Margolis 1968). 
In the combined glacial and sub-aqueous environments, grain surface features 
combine characteristics of each environment. In all cases, the sub-aqueous 
environment is the last episode, and surface features of this environment are 
superimposed on glacial features. If the sub-aqueous environment strongly modifies 
the glacial grains, it may be impossible to identify glacial features on a given grain 
surface; however, characteristic features of both environments can be found on some 
grains in the sample (David and John 1973). 
In an aeolian environment, rounded grains and upturned plates on the fracture 
portions are the typical features because of wind abrasion, which leads to repeated 
impacts between grains (LeBaron et al. 2011). Solution and precipitation tend to 
modify plates and produce rolling topography features on the surface microtexture. 
The degree of this modification depends on the energy in a given environment. Well-
rounded grains without edges and spherical shapes are often found on large grains in 
hot deserts. Some elongated grains can be found but they are still rounded. Coastal 
sands are not as well rounded as hot desert grains. Rounded, dish-shaped concavities 
occur on large hot desert and cold aeolian grains. Small grains are less rounded and 
their edges are still present, while flat cleavage plates and plate ends are covered by a 
silica layer  (David and John 1973). 
In high-energy chemical-weathering environments, the large grains (>300 
µm) close to their original sources contain conchoidal fractures and have similar 
characteristics to the grains from the source of material. Solution pits, solution 
crevasses, etching along structural weaknesses, differential swelling and blocky 
structures, and widespread surface disintegration are the common characteristics due 
to chemical weathering (David and John 1973). 
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In addition to microtexture, roundness and sphericity of quartz grains is used 
to infer the transport history of the materials. More rounded and spherical grains are 
associated with long distance fluvial and or aeolian transport. In a case study conducted 
in Bangladesh, Shine (2006)  explored the mode and distance of transportation, and 
the energy condition of the transporting agents including the depositional 
environments for the detrital quartz grains in the Mohastan–Majira area along the 
Karotoya River. This study found that sub-angular and sub-rounded quartz grains were 
prevalent. These two classes of roundness comprised 39.8 % and 37.8 % of total quartz 
grains, respectively. Other roundness classes such as angular, rounded and well-
rounded were also found in small amounts. The study also revealed that the area is 
dominated by quartz grains with moderately spherical and spherical classes which 
accounted for more than 31.8 % and 35.2 % of quartz grains, respectively. Poorly 
spherical and highly spherical grains were found in similar percentages in the 
remaining grains. These results led Shine (2006) to conclude that most of the grains 
were transported by wind and/or wave action from moderate to long distances but a 
small percentage was deposited by water. He also suggested that the dominating sub-
angular spherical grains were transported through an aqueous medium of moderately 
to highly energetic conditions. While the sub-rounded, moderately spherical grains 
were transported over long distances through fluvial transport, a few angular, poorly 
spherical grains were transported for shorter distances. The rounded and well-rounded 
quartz with highly spherical grains indicated a longer distance of transportation. 
Apart from microtexture and roundness/ sphericity of quartz grains, particle 
size distribution; change in soil pH; organic carbon; exchangeable Ca, Mg, K, and Na; 
and extractable Fe and Al for each layer can be useful to determine the similarity or 
difference among sand profiles (Newsome and Ladd 2003). The results of Newsome 
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and Ladd (2003) showing high content of sand, moderately to strong acidity in the 
upper profile and low EC and exchangeable bases in ten of fourteen profiles in the 
Victoria Plateau collectively indicate that leaching and translocation were the main 
processes of soil formation (Newsome and Ladd 2003). The study also found that 
podzolisation was not a significant soil-forming process in the Victoria Plateau 
because the result did not show down-profile increase of concentration of oxalate-
exchangeable Fe and Al and pyrophosphate-exchangeable Fe and Al. 
From the above review, it is concluded that a range of methods and approaches 
that examine the morphological features of quartz grains (roundness and sphericity), 
grain microtexture, particle size distribution and chemical properties of sand horizons 
and profiles, as used by Newsome and Ladd (1999), will provide the strongest evidence 
about the geological origin, and geomorphic and pedological processes that have 
contributed to formation of sand profiles in South-Eastern Cambodia. 
1.2.4 Properties and behaviours of sands 
1.2.4.1  Physical properties of sands 
Sands are generally non-coherent, single grains, especially in the absence of 
organic matter or other binding compounds. Hence often, sands are apedal, non sticky, 
non plastic when wet and have loose consistency when dry (McDonald et al. 1990). 
The high bulk density of sandy soils is reflected in their low total porosity 
(32-42 %) which is less than in clayey and silty soils (Israelsen and Hansen 1962).  
Sands in the tropics show a large range of porosities and consequently bulk density 
(Db) (see also Table 1.2 for typical bulk densities). Porosity ranging from 33 % (Db = 
1.78 g cm/3) to 47 % (Db = 1.40 g/cm
3) is commonly recorded (Bruand et al. 2005). 
Sand between 35 and 45 cm depth in the Northern Cameroon in very old cultivated 
fields had a porosity of only 28 % and a very high bulk density of 1.91 g/cm3 (Lamotte 
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et al. 1997a; Lamotte et al. 1997b). Lesturgez (2005) measured a porosity of 28 % 
between 20 and 30 cm depth in a soil belonging to the Warin-Satuk series in Northern 
Thailand in cultivated soils. Deeper in the soil, similar low porosities were recorded 
by Burt et al. (2001) in sands developed in a saprolite derived from granitic rocks in 
Zimbabwe. These low porosities were recorded in sands with no gravel or stones thus 
indicating a close packing of primary soil particles in soils that have been subjected to 
continuous cultivation. The relative distribution of the pore sizes, which is more 
important than the total porosity, shows that sands have a large proportion of 
macropores which are responsible for good aeration, rapid drainage but low moisture-
holding capacity (Massoud 1975).  
Upon deformation, loose sand decreases in volume due to sliding or rolling 
processes that consolidate it into a dense state. By contrast, dense sand increases its 
volume under deformation. These changes in volume accompanying deformation have 
a marked effect upon the stability of materials without cohesion. Fine sand in a loose 
and saturated state is a very unstable material, especially on slopes and embankments. 
Static loads on sandy soils produce very little compaction, e.g. the soil load over a tile 
drain, but they could be compacted by vibration (Massoud 1975). Indeed on sands with 
medium grain size, sub-soil compaction due to repeated traffic from heavy machinery 
is quite common in Western Australia (Delroy and Bowden 1986; Henderson 1991). 
Deep ripping to alleviate the compaction produces significant wheat grain yield 
increases on these sands (Hamza and Anderson 2005).  Even without the weight of 
heavy machinery, some sand horizons naturally develop high strength and low porosity 
due to the packing of sand grains.  In North-east Thailand, Bruand et al. (2004) 
reported that poor root growth in the E horizon with 5.3 % clay (25-35 cm) was due to 
high strength and low porosity (0.162±0.002 cm3/g) compared to high porosity 
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(0.224±0.004 cm3/g)) in the Ap horizon (3.7 % clay) and 0.192±0.003 cm3/g)  in the 
Bt horizon (8.8 % clay).  The volume and mean pore diameter in the size range 2-360 
µm was significantly lower in the E horizon also. 
One of the striking features of sands is their low ability to retain water, not only 
at high but also at low water potential. Due to low clay content and relatively large pores, 
a great portion of the retained moisture is lost at water potential from -10 to -100 kPa. 
Field capacity of sand as determined in field plots was 5.6 and 7.9 % (w/w) for coarse 
sand and fine sand, respectively, while the corresponding -10 kPa values were 3.9 and 6.4 
%. In this particular case, the -10 kPa values appreciably underestimated the field capacity 
of sands as water content in sands is highly sensitive to changes in matric potential (Rivers 
and Shipp 1971). For sands in South Central Coastal Vietnam, water content at -10 kPa 
ranged from 4.1 to 10.9 %, mostly due to variations in the amount of clay (Table 1.2). At 
-33 kPa, the range of water content was 1.8-4.1 %. 
Due to their large pore spaces and the high saturated hydraulic conductivity, 
the infiltration rate of sandy soils (2.5-25 cm/hour) is 250 times more than that of clay 
soils (0.01-0.1 cm/hour). Under unsaturated flow conditions, water moves more slowly 
in sandy soils than in clays as a result of the lower moisture content and lower 
connectivity of micropores (Bouma and Denning 1972). Redistribution of soil water 
after cessation of infiltration usually proceeds at a faster rate and even to a greater 
depth in sands than in a loam or clay textured soil (Soliman 1968 ).  
In contrast with the infiltration, upward water movement in sandy soils 
proceeds at a lower rate than in finer soils. However, even though sands have a rapid 
initial rate of capillary movement, the finer textured soils have the highest total rise of 
upward water movement. As dry sands are a poor transmitting medium for capillary 
water, upward water movement and evaporation losses are less than from finer soils. 
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However, water movement in sands could proceed by vapour diffusion (Massoud 
1964).  It is important not to overlook the important variations among types of sands. 
Fine sands differ in hydraulic conductivity and capillary water movement compared 
to medium and coarse sand. Variations in clay from 0-18 % and similar variations in 
silt content are allowable within the Arenosol classification and this range gives rise 
to a wide range of hydraulic properties of sands. 
Most sands have surplus aeration at the expense of an adequate water holding 
capacity. Air permeability decreases in sands with decreasing particle size and 
increasing bulk density (Elgabaly and Elghamry 1970).  
Water repellence or non-wetting is common in sands (Blackwell 2003). It is 
associated with the coating of hydrophobic organic molecules (usually waxes) on the 
surface of sand grains. The coatings increase the surface tension of sand grains and 
prevent water infiltration into pore spaces in sands. It is most common when the soil 
is dry and is a major constraint to the utilization of sands in southern Australia (Cann 
2003). There has been no report of water repellence in sands in Cambodia. 
Table 1.2 Water holding capacity of sands with varied clay content. From Bell et al. 
(2015) for contrasting sand profiles in South Central Coastal Vietnam 
Depth (cm) Clay (%) Sand (%) Silt (%) Soil water, –10 kPa (%) Soil water, –30 kPa (%) 
Grey sandy loam (n = 3) 
0 –7 12.1 81.3 6.6 4.17 2.97 
7–26 13.6 80.8 5.6 4.07  2.73 
26–43 16.5 78.7 4.8 4.43 2.83 
>43 17.7 76.1 6.2 5.23 3.43 
Pale deep sand (n = 4) 
0-11 2.2 92.5 5.3 5.00 2.75 
11-26 2.5 95.0 2.5 4.98 2.55 
26-46 2.9 93.2 3.9 5.60 2.90 
>46 4.0 90.9 5.2 5.78 2.88 
Coarse granite sand (n=3) 
0-11 2.7 96.0 3.3 7.13 1.81 
11-36 8.0 89.0 5.3 8.35 2.58 
36-62 11.3 79.0 5.0 10.6 4.06 
>62 10.0 80.0 5.0 10.9 3.84 
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1.2.4.2  Chemical properties of sands 
Sandy soils are characterized by low organic matter levels, low retention and 
supply of nutrients, and high susceptibility to nutrient leaching (Bouwman 1990). 
These soils are generally regarded as very fragile with respect to agricultural 
production due to their very low nutrient and organic matter content and poor buffering 
against pH change (Wambeke 1992; Noble et al. 2000; Boul et al. 2003). The arable 
sands are potentially acid or alkaline, deficient in macro- and micro-nutrients and 
exhibit low CEC (Motomura et al. 1979; Ogawa et al. 1980; Bell et al. 1990; Ishida et 
al. 1993; Bell et al. 2015). While alkaline sands are important in some regions, they 
were not identified in South-Eastern Cambodia and hence not relevant for the present 
study: their properties will not be reviewed further. The low organic matter content of 
sands can be attributed to their low content of clay since clay is necessary to stabilize 
organic matter and slow the decomposition of organic matter especially under tropical 
conditions (Wada 1996).  
Sands of Northeast Thailand were found to be very acidic to depth with very 
low cation exchange capacity and therefore low nutrient supply capacity (Imsamut and 
Boonsompoppan 1999). A review by Kheoruenromne et al. (1998) of the properties of 
soils in the Northeast Plateau of Thailand found that sands have relatively low pH values 
(mostly < 5), very low organic matter content (<10 g/kg) and low total nitrogen (≤0.3 
g/kg). The extractable phosphorus and potassium values in these soils can be considered 
low to very low (Table 1.3). With all of these analytical data, it is quite obvious that 
these soils have low to very low nutrient status for crop cultivation (FAO Project Staff 
and Land Classification Division, 1973). The study also revealed that, in general, sands 
of the Northeast Thailand have low to very low effective cation exchange. They have 
low extractable bases, and relatively low extractable acidity.  
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Table 1.3 Nutrient status and exchange properties of sandy soils in Northeast Plateau, 




Sand Clay pH (1:1) OM1/ Total N Extr. P Extr. K Extractable bases 
(cmol/kg) 
CEC2/ 
% % H2O KCl g/kg g/kg mg/kg mg/kg Ca Mg Na K cmol/kg 
Pedon 1 Ustic Quartzipsamment 
0-15 Ap1 91 4 6.5 3.9 4.4 0.2 2.1 17.7 0.8 0.2 0.3 0.1 2.72 
15-25 Ap2 96 3 4.1 3.4 2.7 0.2 1.3 13.5 0.4 0.1 0.3 0.04 1.76 
25-36 C1 90 6 4.1 3.4 1 0.1 1.3 12.6 0.3 0.1 0.3 0.03 1.97 
36-65 C2 87 8 4.1 3.3 1.7 0.1 1.7 10.9 0.4 0.1 0.3 0.03 2.6 
65-90 C3 98 3 4 3.2 1.5 0.1 1 10 0.3 0.1 0.2 0.03 2.78 
90-115 C4 93 4 4.1 3.3 1.9 0.1 0.9 9.2 0.2 0.1 0.2 0.03 2.03 
115-140 C5 91 7 4.2 3.2 1.9 0.1 0.7 9.2 0.3 0.3 0.2 0.03 2.6 
140-170+ C6 92 3 4.2 3.3 0.7 <0.1 0.7 7.7 0.2 0.2 0.2 0.02 0.97 
Pedon 3 Psammentic Haplustalf 
0-15 Ap1 91 5 5.5 4.4 8 0.2 4 12.6 1.3 0.4 0.3 0.1 3.87 
15-30 Ap2 92 4 4.7 3.7 5.9 0.2 1.7 12.6 0.7 0.2 0.3 0.04 3.01 
30-45 Bt1 89 7 4.4 3.6 1.7 0.2 0.1 7 0.6 0.2 0.2 0.02 1.64 
45-70 Bt2 87 10 4.4 3.4 2 0.1 1.3 8.5 0.8 0.3 0.2 0.03 3.09 
70-90 Bt3 87 8 4.3 3.4 1.5 0.1 0.8 9.2 0.5 0.3 0.2 0.03 2.89 
90-130 Bt4 85 9 4.3 3.4 2.5 0.1 1.7 8.5 0.6 0.5 0.2 0.03 3.22 
130-160 Bt5 80 15 5.1 3.7 2.7 0.1 0.3 10 2.7 0.7 1.9 0.03 7.92 
160-180+ Bt6 80 13 5.5 4.2 0.2 0.1 0.5 10 2.3 0.7 2.6 0.03 6.58 
Pedon 5 Arenic Haplustalf 
0-13 Ap 93 3 5.3 4.7 4.1 0.1 2.8 23 0.8 0.4 0.3 0.1 2.49 
13-21 E1 92 0 4.9 3.9 1.7 0.1 4.2 9.2 0.4 0.1 0.3 0.03 0.97 
21-60 E2 93 1 5.6 4.7 0.2 <0.1 0.7 7.7 0.3 0.1 0.3 0.03 0.8 
60-80 E3 93 2 6.5 5.8 0.3 <0.1 0.8 7 0.3 0.1 0.3 0.02 0.79 
80-125 E4 92 0 6.2 4.5 0.3 <0.1 2 7 0.3 0.1 0.3 0.02 0.86 
125-130 E5 94 0 6 4.4 0.3 <0.1 0.8 6 0.3 0.1 0.3 0.02 0.86 
130-150 E6 92 1 5 3.8 1.4 <0.1 0.9 7.7 0.3 0.1 0.2 0.02 0.73 
150-160 Bt2 83 7 4.5 3.4 0.7 0.1 1 24.8 0.8 0.4 0.3 0.01 2.23 
160-180+ Bt3 83 15 4.4 3.3 2.2 0.1 1.3 40.9 1.2 0.6 0.3 0.01 4.49 
1/ Organic matter 
2/ Sum of extractable bases + extractable acidity 
 
Another study revealed that four types of coastal sands in Southern Central 
Vietnam were moderately acid to strongly acid with pH (KCl) values of 3.6-5.8 (mean 
4.79), and had low soil organic carbon (OC%) in the surface layer which varied from 
0.12-1.56% and low content of nitrogen (0.016-0.078%), total P (0.003-0.05%), total K 
(0.01- 0.71%) (Vinh 2005). This study also found that exchangeable cations and CEC 
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of the sands in this area were generally low with an average CEC of 7.35 cmol/kg soil, 
2.2 cmol Ca2+ /kg soil and 1.43 cmol Mg2+/kg soil. 
In the Cambodian Agronomic Soil Classification (CASC) (White et al. 1997), 
the Prey Khmer and Prateah Lang Soil Groups have very low CEC, organic C, total N, 
exchangeable K and Olsen P (Oberthür et al. 2000a; White et al. 2000) (Table 1.4).  
 
Table 1.4 Typical chemical properties of surface layers of Prey Khmer (White et al. 
(1997) sandy rice soils in Cambodia (Source: Oberthur et al. 2000a; White 
et al. 2000 and Seng et al. 2001).  
Property Typical surface soil values 
Sand 73 % 
Silt 22 % 
Clay 5 % 
pH (1:1 H2O) 5.6 
Organic C 4.7 g kg-1 
Total N 0.5 g kg-1 
Exch K 0.04 cmol kg-1 
Exch Na 0.05 cmol kg-1 
Exch Ca 0.61 cmol kg-1 
CEC 1.45 cmol kg-1 
Olsen P 1.3 mg kg-1 
 
Recent study on sands in Tramkak District, southern Cambodia, found that 
Prey Khmer soil was extremely acidic with surface soil pH (CaCl2) values of three 
profiles ranging from 4.2 to 4.5 (Hin et al. 2006). The subsoil of only one profile had 
a marked increase in sub-soil pH with values of 6.4 below 85 cm. Soil pH (CaCl2) of 
four profiles of Prateah Lang Soil Group ranged from 4.2 to 5.2, however, subsoils of 
two profiles had a marked increase in sub-soil pH with alkaline values below 40 cm 
or 70 cm with pH (CaCl2) around 8. The two soil groups had very low total organic 
carbon (C) levels (< 0.6 %) and very low total N levels, although in the surface layer, 
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extractable nitrate levels up to 18 mg/kg were reported (equivalent to 21 kg nitrate 
/ha). There was a huge range of exchangeable Al among all profiles of the two sandy 
soil groups in Cambodia with Al saturation, ranging from 0 to 90 %. Colwell 
extractable P and K levels were extremely low throughout the profiles. Exchangeable 
Mg and Na were generally low, except in the 85-100 cm layer of one Prey Khmer soil 
profile that had high exchangeable Mg and Na (4.44 and 5.51 cmol/kg, respectively). 
There was also a huge range of exchangeable Ca, as the lowest was found in the surface 
layers of one Prey Khmer soil profile (0.2 cmol/kg) and highest was found in subsoil 
(40-120 cm) of Prateah Lang profile (around 10 cmol/kg). KCl extractable S, DTPA 
Zn and Cu levels were generally low in Prey Khmer and Prateah Lang profiles. Hot 
CaCl2- extractable B was low in all profiles of the two soil types.  Hence from a limited 
assessment to date, sands of Cambodia reveal multiple nutrient deficiencies and other 
constraints as is common with sands elsewhere (e.g. Hoang Minh Tam et al. 2015). 
However, there was considerable variation in chemical properties among profile 
indicating that further study is needed to explain such variations. 
1.2.4.3 Biological properties of sands 
In general, soil organic matter levels in sands are low (see Tables 1.3 and 1.4 
for North-east Thailand and Cambodia). Moreover, decomposition rate of added organic 
matter in sands is high provided there is adequate soil moisture. In natural soils, there 
are positive relationships between soil organic matter and the clay contents of the soil 
(Spain 1990; Feller and Beares 1997). In part this may be attributed to low biological 
productivity of vegetation on sands that limits inputs of organic matter. Low pH and in 
particular increased soluble Al in soils increases soil C storage due to declining carbon 
use efficiency by soil microorganisms (Malik et al. 2018; Jones et al. 2019). 
Organic carbon storage in soils is often correlated with differences in clay 
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content, or texture (Hassink 1997, Ingram and Fernandes 2001; Hartemink and Huting 
2005). In general, soils with sand, loamy sand and sandy loam surface horizon textures 
tend to contain less organic C than those that are more clay-rich. It is the clay and silt 
content of soils that determines the potential capacity to store organic C (Franzluebbers 
et al. 1996) and the higher the clay concentration, the greater the soil water storage. 
Soil organic C storage may also be affected by clay mineralogy. With increased clay 
content or the presence of more active clay minerals (such as illite or smectite) in the 
root zone there will generally be greater the plant productivity and a greater 
contribution to organic C pools (McCarthy et al. 2008, Lehmann and Solomon 2010, 
Schmidt et al. 2011). There is a strong consensus (Lehmann et al. 2007) that organic 
C is protected from microbe-mediated decomposition and from oxidation by its 
association with silt- and clay-sized mineral particles. While much earlier work 
proposed that organic C was protected simply through its adsorption by alumino-
silicate clays, there is now stronger evidence for encapsulation within micro-
aggregates, albeit possibly following prior adsorption on clays (Chenu and Plante 
2006, Lehmann et al. 2007, Wan et al. 2007, McCarthy et al. 2008), as the principal 
mechanism for protection of organic C (Feng et al. 2012).  
Termites appear to play a significant role in organic matter turnover and N 
mineralization in tropical sands (Blanchart et al. 2007). However, the termite nests 
which are the site of most intense biological activity, have a patchy distribution in the 
landscape. 
1.2.5 Management of sands   
Water is a key constraint on most sands in upland environments in a tropical 
savannah climatic such as that in most of Cambodia (Bell and Seng 2007). There are 
distinctive characteristics of the water balance in sandy terrains. Low soil water storage 
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is a consequence of the low clay content of sand profiles.  However, profiles can vary 
considerably in clay content in the topsoil as well as with depth.  The Arenosol Order 
of soils allows for 0-18 % clay. This provides for considerable variation in soil water 
retention. Sand profiles may have uniform clay content with depth or considerable 
increases (Fig 1.2).  The latter can provide for significant subsoil water storage. Hence 
the deep drainage component of water balance can vary greatly among sand profiles 
even with the same rainfall. It also depends on the root depth of the dominant 
vegetation.   
 
Figure 1.2 Variation in clay content with depth for three contrasting sand profiles of 
South Central Coastal Vietnam (From Bell et al. 2015). BD- Binh Dinh 
province; PY- Phu Yen province; NT- Ninh Thuan province. 
 
Multiple deficiencies including micronutrient deficiencies are a characteristic 
of sands (e.g. Bell et al. 1990; Bell et al. 2015). Hence, diagnosis of all deficiencies 
including micronutrients is critically important to achieving yield potential on such 
soils. To date there has been no systematic assessment of nutrient deficiencies in sands 
of Cambodia. However, sands in south-central coastal Vietnam exhibit deficiencies of 
N, P, K, S, B, Cu, Mo and Zn. On some sands, most of these deficiencies occur 
simultaneously but not all sands show the same deficiencies. Hoang Minh Tam et al. 
(2015) propose the use of the double-pot technique to diagnose the range of nutrient 
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deficiencies in sands. In addition to multiple nutrient deficiencies, both soil acidity and 
alkalinity can also limit crop nutrition on sands.  As discussed above, initial analysis 
suggests that acidity is common in sands of Cambodia leading to Al and or Mn toxicity.  
By contrast, sands in south-central coastal Vietnam while commonly acid contain low 
levels of exchangeable Al (Bell et al. 2015). 
Diagnosis of nutrient deficiencies is critically important to alleviate nutrient 
constraints on sands.  However, there is substantial evidence that addition of soil 
organic amendments in addition to inorganic fertiliser has an additive benefit for crop 
yield (Hoang Vinh et al. 2015). The use of soil amendments such as manure, biochar 
or crop residues increased yield of peanut and mango on sands in Vietnam independent 
of the supply of balanced inorganic fertilizer. The reasons for additive benefits were 
not explained.  It was not simply due to additional nutrient supply from the soil 
amendment since the effects of manure for example were additive to those of balanced 
inorganic fertilizer. However, the slow release characteristics of the organic fertilizer 
may increase the nutrient use efficiency to provide a benefit to crop growth that is not 
explained simply by the extra nutrient content. The soil amendments are therefore 
likely to act through improving nutrient and water use efficiency. Ragland and 
Boonpukdee (1987) reviewed literature on why there was generally a poor response of 
rice to inorganic fertiliser on sands in North-east Thailand unless organic amendments 
were applied. They attributed the benefit from joint application of organic and 
inorganic fertilisers to the poor buffering of soil processes in sands unless the organic 
material was added.  
In irrigated cropping on sands, integrated water and nutrient management is 
essential for achieving productivity potential (Hoang Vinh et al. 2015). Excess water 
application on sands can decrease nutrient use efficiency by accelerating leaching of 
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nutrients. Improved irrigation scheduling for cashew on sands in South Central Coastal 
Vietnam increased the nut yield response to fertilizer (Hoang Vinh et al. 2015).  
1.3 Thesis aims and objectives 
From the above review of literature, it can be concluded that there is still little 
information on sand profiles in Cambodia, especially those in the uplands. More 
detailed study on these soils is necessary and it will form a sound basis for further 
classification of sands in Cambodia and for identifying key constraints for their 
sustainable management. Preliminary investigations point to the prevalence of acidity 
in sands in south-east Cambodia (Hin et al. 2010). Hence, the present study will 
concentrate on origin and properties and some management methods to ameliorate 
acidity of sands in South-Eastern Cambodia.  
To answer the key research questions (see Section 1.1), four study areas in 
south-eastern Cambodia were selected for conducting research (Figure 1.1). These 
areas are:  
- Kampot District of Kampot Province is located in the coastal area, about 150 
km southwest of Phnom Penh. The area is characterised by high annual 
precipitation, ranging from 1750 to 2500 mm (Nesbitt 1997). Soils in this area 
are predicted to be influenced by marine processes, possibly by wind erosion, 
and by colluvial processes associated with the sandstone mountain of Bokor. 
Sands in the area used for rice cultivation are classified as Prey Khmer Soil 
Group with a sandy layer deeper than 40 cm and Prateah Lang Soil Group 
with the sandy layer less than 40 cm deep (Oberthür et al. 2000b; White et al. 
1997). Other sands have not been mapped or described. 
- Tramkak district of Takeo province is located about 90 km southwest of 
Phnom Penh (Hin et al. 2006). A quartzite ridge is located on the western 
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edge of the district. Sloping to gently sloping sandy terrain is located at the 
base of the mountain while further to the east the land becomes flatter with 
increased clay content (Hin et al. 2006). The district is characterised by the 
annual rainfall between 1250 and 1500 mm (Nesbitt 1997). Highest monthly 
rainfall occurs in October with around 275 mm. Daily temperatures range 
from 21oC to 35 oC. In the period from April to May, the temperatures reach 
their maximum, whereas the period between November and January is the 
coolest time of the year (Vance et al. 2004).  
- The third area is located near the southern end of the Tonle Sap Lake in Rolea 
B’ier and Tuek Phos districts of Kampong Chhnang province about 90 km 
north-west from Phnom Penh. This area is characterised by annual 
precipitation 1500 and 1750 mm (Nesbitt 1997). Mount Aural (granitic) and 
high elevation terraces are located in the west. Hilly outcrops (granitic) also 
occur in lower elevation areas in the centre and east of the province. A coarse 
sandy phase of Prey Khmer Soil group is predominant in the rice growing 
soils of the area (Oberthür et al. 2000b; White et al. 1997).  
- The fourth area is located in the district of Ponhea Krek in the province of 
Tboung Khmum (Formerly part of Kampong Cham province), in the eastern 
part of Cambodia. The average annual rainfall of the district ranges between 
1750 and 2500 mm (Nesbitt 1997). The highest maximum temperatures are 
reached in April to May with the coolest time of the year from November to 
January (Hin et al. 2007a). Sandy soils (Prey Khmer and Prateah Lang) 
derived from old Pleistocene alluvium are located in the low terraces in the 
south and west part of the district (Hin et al. 2007a). 
The present study will for the first time in Cambodia determine similarities and 
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differences among sand profiles in uplands of South-Eastern Cambodia to explore the 
implications for improving crop productivity on these soils with following objectives: 
1. To clarify the origin and the processes of sand profile formation in South-
Eastern Cambodia (Chapter 2). 
2. To explore physical and chemical properties and identify similarities and 
differences among sands from South-Eastern Cambodia (Chapter 2, 3). 
3. To identify the effects of physical and chemical properties of different sand 
profiles on the growth and yield performance of crops with particular 
emphasis on soil acidity and its treatment by liming (Chapters 4-6). 
4. To determine the role of subsoil acidity in mung bean response to lime rates, 
forms and depth of incorporation, including the extent of lime mobility in 
sands (Chapters 4-6).  
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2.1 INTRODUCTION 
Sands cover vast areas of the Cambodian landscape (Seng et al. 2007). 
While Arenosols, the main WRB Group for deep sands, cover only 1.6 % of 
Cambodia land area, soils with surface sand textures such as Acrisols occupy almost 
50 % of the land area (MRC 2002). The distribution of sands approximately 
corresponds to the occurrence of sandstone geology and to the areas of low fertility 
soils shown in Fig. 2.1. 
 
Figure 2.1  Classification of soils in Cambodia according to fertility status.  Low 
fertility soils approximately correspond to sands. Source: MPWT/JICA 
(2002). 
 
CHAPTER 2.  ORIGIN AND PROPERTIES OF ACID SANDS 
OF SOUTH-EASTERN CAMBODIA 
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According to the soil map of the main rice growing areas of Cambodia, soils 
with surface sand textures (sand and loamy sand according to US Soil Taxonomy) are 
found in south-eastern Cambodia including Kampot, Takeo, Prey Veng, Svay Rieng, 
Kampong Cham, Kandal, Kampong Speu, and Kampong Chhnang Provinces and 
comprise about 39 % of the total rice growing area mapped (Fig 2.2; Oberthür et al. 
2000b).  However, the Rice soil map covers only soils of the lowland areas, used for 
rice production. Soil mapping coverage of the upland regions where soils are 
predominantly developed on sandstones and related siliceous formations is very 
limited at present (Seng and White 2004).  District-level maps have been prepared for 
sandy terrain in Ponhea Krek, Tramkak and Kong Pisei (see Fig. 1.1; Hin et al. 2006, 
2007 a, b) but these cover relatively small areas (~10,000 ha each) and little detailed 
mapping or archived information exists for upland sand profiles apart from these 
reports. 
 
Figure 2.2 Rice soil map of Cambodia, showing distribution of surface sand texture 
(Prateah Lang soil-PL) and deeper sand texture( Prey Khmer-PK). 
Modified from Oberthür et al. (2000b). 
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Although characterised by soil fertility constraints, sands are widely used in 
Cambodian agriculture. On the sands in the upland areas, field crops such as cassava, 
maize, mungbean, soybean, watermelon and peanut are commonly grown (Hin et al. 
2006). Recently, sands of the uplands area in Tbong Khmum (formerly Kampong 
Cham) province have been planted to rubber, mango and other fruit trees (Hin et al. 
2007a). Due to their importance for agriculture, more detailed understanding of sands, 
including the types of parent materials, their origin and weathering, the profile 
characteristics and the edaphic properties, are critically important to explore the 
constraints for improving agricultural productivity on these soils. 
A range of approaches have used to describe sand profiles and to derive 
conclusions about their origin, pedological influences and edaphic properties. The 
main approaches and methods were reviewed in Chapter 1 and include size distribution 
of sand grains, the pattern of change in sand size classes down the profile, shape 
(roundness and sphericity) of sand grains, surface microtexture of sand grains, 
mineralogy of the whole soil or fractions of it, total elemental content, the abundance 
and crystallinity of Fe, Al and Mn oxides and chemical properties such as pH, 
exchangeable cations, and extractable micronutrients (Newsome 2000). This approach 
was used to clarify the origin of sandplains on the Victoria Plateau, south-west 
Australia. Where there are multiple influences on the origin of sand profiles over time, 
reliance on one or a few methods to characterise the sand profiles may fail to draw 
clear conclusions. In the present study, multiple methods are employed, following the 
approach of Newsome (2000). 
Studies of the shape (roundness and sphericity) of sand grains provides 
information on processes of erosion, transportation and deposition (Griffiths 1967; 
Newsome and Ladd 1999; Madhavaraju et al. 2006). The shape of sand grains may, 
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therefore, help to identify in situ weathering, differentiate depositional environments 
from transportation and erosional environments (Shepard 1964; Griffiths 1967), reveal 
a history of aeolian transport (Le Baron et al. 2011) and distinguish short distance from 
long distance transport (Armstrong-Altrin and Natalhy-Pineda 2014; Zakir Hossain et 
al. 2014). The overall shape of the sediments reflects the genesis of the detrital grains 
and the paleogeographic history of the terrain. Pettijohn (1957) concluded that 
roundness of a particle is the sum of its abrasional history while sphericity more 
reflects the condition of deposition at the moment of accumulation; to a limited extent, 
the abrasion process modifies sphericity. During the last decade, different aspects of 
shape analysis have been investigated to determine the importance of long distance 
fluvial and aeolian transport of sand grains recovered from profiles (Shine 2006; 
Madhavaraju et al. 2006; Le Baron et al. 2011).  
Microtextures of sand grains, determined by scanning electron microscopy 
(SEM), have often been used to determine the transportation and depositional history of 
sand grains (Bull and Goudie 1987; Helland et al. 1997; Krinsley and Marshall 1987; 
Mazzullo 1987; Newsome and Ladd 1999; Thomas 1987; Zhou et al. 1994; 
Madhavaraju et al. 2006; Le Baron et al. 2011). Newsome and Ladd (1999) employed 
sand microtexture analysis in their study of the origin of sands on the Victoria Plateau 
and their work showed considerable similarity between sand grains in the parent 
sandstone and those in the overlying sand which lent support to an in situ weathering 
hypothesis for the origin of the sand profiles. Mahaney and Kalm (2000) used 
microtexture analysis to distinguish sand grains in Estonia and Latvia derived from 
glacial activity from the sand grains derived from sandstones. Sand grains from 
sandstone were primarily rounded, well abraded, with v-shaped percussion scars 
dominating the surface microtexture, reflecting the influence of fluvial transport before 
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their deposition.  
The size distribution of sands can also be used to identify similarities and 
differences amongst sand profiles (Maroulis et al. 2007).  Newsome (2000) and 
Tapsell et al. (2003) employed sand size analysis to determine whether sands in the 
soil profiles were similar to those in the underlying sandstones. The considerable 
similarity in the sand size distributions together with other evidence gathered on 
microtexture, grain roundness and sphericity helped justify the conclusion that long 
distance transportation of sands to form the soil profile parent material was unlikely, 
but that in situ weathering of sandstones to release sand grains was most plausible. 
A range of chemical methods are also employed to determine the similarity 
between sand profiles, from which deductions about origin of the parent material and 
the pedogenic processes can be made. Total elemental content and mineralogy are used 
to ascertain whether profiles are derived from common parent materials. Content of 
amorphous and crystalline Fe- or Al-oxide can indicate the type of weathering 
environment. Newsome (2000) drew on these sources of evidence, together with the 
sand grain analysis described above, to test the hypothesis that the sand profiles of the 
Victoria plateau, West Australia were derived from in situ weathering rather than from 
long distance transport of aeolian sediments. 
The present work is a detailed analysis of sand profiles along toposequences 
in four study areas in south-eastern Cambodia, using a variety of investigation methods 
to characterise the sands to investigate their origins and to show whether sand grains 
were derived from in situ weathering or by wind or water transport, and to what extent 
marine influences on the sands can be discerned. 
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2.2 MATERIALS AND METHODS 
2.2.1 Sample collection 
The research was conducted in four study areas: Coastal zone in Kampot 
District of Kampot Province; Tramkak District of Takeo Province; Ponhea Krek 
District of Tboung Khmum Province; and Rolea B'ier and Tuek Phos districts of 
Kampong Chhnang Province (Fig. 1.1). Brief details of each study area and the 
rationale for their selection were described in Chapter 1. Four to five sites were 
selected in each area of sandy terrain along a toposequence from higher elevation close 
to rock outcrop, if present, to the lowest part of the slope. Long sections of the 
toposequences are shown in Fig. 2.3. The global positioning system (GPS) (using India 
60 datum) was used to record location coordinates (latitude, longitude) and elevation 
at all soil profiles (Table 2.1). At each site, the soil profile was dug to make a pit to the 
depth of 1.5 m. A soil auger was used to core a further 0.4-1.2 m below the bottom of 
the pit or until reaching the interface with bedrock or clay substrates. Profiles were 
described by the methodology adopted by the Cambodia Agricultural Research and 
Development Institute (Vance et al. 2004) and employed by the author in previous 
studies (Hin et al. 2006, 2007 a, b). The soil database codes and data definitions were 
drawn from Purdie (1999), FAO-CSIC (2002) and FAO-ISRIC (1990) guidelines. 
Profiles were described by horizon for: soil texture; colour; structure, consistence; 
stickiness; plasticity; porosity; and abundance, shape and size of coarse fragment, 
segregations, mottles; presence of roots, etc.  In addition, sites were characterised for 
disturbance, landform pattern, relief/modal slope, landform element, morphological 
type, slope curvature, vegetation, land use and a Cambodian Agronomic Soil Group 
name assigned (White et al. 1997). Full descriptions of each site and profile are 
provided in Appendix 2.1. These records are also accessible through the Cambodia 
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Soil Database, available from the author. Soil samples were collected by horizon from 
each pit for detailed physical and chemical analysis in the laboratory. 
 
 
Figure 2.3 Long section of the toposequences for sand in four study areas, A: 
Kampot, B: Tramkak, C: Ponhea Krek, and D: Kampong Chhnang. 
Corresponding images of the landscapes taken from Google Earth 
downloaded on 22 November 2019. 
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2.2.2 Soil particle analysis 
Laboratory measurement of the particle size distribution of soil was made on 
50 g air-dry samples using sieving and the sedimentation method (Rayment and 
Higginson 1992). The samples were pre-treated with hydrogen peroxide to remove 
organic matter. Sand fractions were sieved to collect the different size classes of sand 
as shown in Table 2.2. Size fractions were chosen according to Newsome (2000) since 
this had previously been used to classify particle size distributions in deep sands. 
Table 2.1 List of soil profiles and their location and elevation within the four study 
areas 
Study area Site name(a) 
Coordinate location(b) 
Zone Northing Easting Altitude (m) 
Kampot District Kampot 1 48 P 1168981 393885 19 
Kampot 2 48 P 1167649 404320 15 
Kampot 3 48 P 1168573 394104 8 
Kampot 4 48 P 1166086 396319 10 
Tramkak District Tramkak 1 48 P 1214584 451562 55 
Tramkak 2 48 P 1215013 454435 32 
Tramkak 3 48 P 1214958 458673 17 
Tramkak 4 48 P 1213007 464503 10 
Tramkak 5 48 P 1213435 465881 18 
Ponhea Krek 
District 
Ponhea Krek 1 48 P 1314599 591781 36 
Ponhea Krek 2 48 P 1305958 585304 22 
Ponhea Krek 3 48 P 1297946 585779 17 
Ponhea Krek 4 48 P 1291336 582886 10 
Ponhea Krek 5 48 P 1299062 578138 18 
Rolea B’ier and 
Tuek Phos 
Districts 
Kampong Chhnang 1 48 P 1319465 426532 117 
Kampong Chhnang 2 48 P 1331363 443058 57 
Kampong Chhnang 3 48 P 1332500 459982 33 
Kampong Chhnang 4 48 P 1336103 470581 15 
Kampong Chhnang 5 48 P 1343806 466225 42 
(a): The sites at each study area were numbered commencing from the site located at the highest 
elevation. 
(b): Coordinate location were recorded in Universal Transverse Mercator (UTM) geographic 
coordinate system, Indian 60 datum. 
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Table 2.2 Summary of landform and key pedological properties of profiles described in Kampot, Tramkak, Ponhea Krek and Kampong Chhnang. See 
Appendix 2.1 for detailed descriptions of each profile. 
Site (see Table 





Soil type Effective 
depth (cm) 




A horizon colour B horizon 
colour 
Depth to segregations/ 
coarse fragments (cm)(type) 
Depth to 
clay > 10 % 
Depth to 
clay > 18 % 
Kampot1 19 Upper slope Prey Khmer, 
fine sandy 
270+ Fine sand Fine sand Dark reddish grey Reddish yellow Absent 158 - 
Kampot2 15 Terrace Prey Khmer, 
fine sandy 
250+ Fine sand Sandy clay 
loam 
Pinkish grey Yellowish red 180 Ferruginous 160 160 
Kampot3 8 Lower slope Prey Khmer, 
fine sandy 
235+ Fine sand Sandy clay 
loam 
Grey Reddish yellow 120 Ferruginous 48 80 
Kampot4 10 Terrace Prey Khmer 240+ Sand Sand Dark reddish brown Strong brown 145         
Iron-manganese 
105 145 
Tramkak1 55 Foot slope Prey Khmer, 
fine sandy 
250+ Fine sand Fine sand Reddish brown Reddish yellow Absent 190 225 
Tramkak2 32 Mid slope Orung 200+ Sandy loam Loamy sand Dark reddish brown Pink 135 Ferruginous 135   
Tramkak3 17 Plain Bakan 190+ Fine sandy loam Sandy clay Light reddish brown Pink Absent 22 39 
Tramkak4 10 Plain Prateah Lang, 
clay subsoil 
190+ Loamy sand Sandy clay Pinkish grey Pink 95  
Iron-manganese 
25 25 
Tramkak5 18 Terrace Prey Khmer 250+ Loamy sand Sand Pinkish grey Pink 165 Ferruginous 130 - 
Ponhea Krek1 36 Slope Prateah Lang, 
loamy subsoil 
250+ Loamy sand Sandy clay Reddish grey Pinkish grey Absent 15 15 
Ponhea Krek2 22 Plain Prey Khmer, 
fine sandy 





Ponhea Krek3 17 Plain Prey Khmer, 
fine sandy 
240+ Loamy fine sand Loamy fine 
sand 
Dark reddish grey Pink 185  
Iron-manganese 
94 185 
Ponhea Krek4 10 Plain Prateah Lang, 
clayey subsoil 
170+ Loamy fine sand Sandy clay Dark reddish grey Reddish grey 50 
Iron-manganese? 
30 85 
Ponhea Krek5 18 Plain Prey Khmer, 
fine sandy 





117 Plateau Prey Khmer, 
coarse sandy 
250+ Coarse sand Sandy clay Dark reddish grey Pinkish yellow Absent  




16 Plain Prey Khmer, 
coarse sandy 
250+ Coarse sand Coarse sand Dark reddish grey Pink Absent  




33 Plain Prey Khmer, 
coarse sandy 
235+ Coarse sand Coarse sand Dark reddish grey Pink Absent  




15 Plain Prey Khmer, 
coarse sandy 
250+ Coarse sand Coarse sand Dark reddish grey Pink Absent  




42 Mid slope Prey Khmer, 
coarse sandy 
250+ Coarse sand Coarse sand Pinkish grey Pinkish grey 185 




2.2.3 Soil chemical analysis 
Soil pH was measured in a 1:5 ratio of soil to 0.01 M CaCl2 suspension. 
Electrical conductivity (EC) was measured in a 1:5 ratio of soil to water suspension 
(Rayment and Higginson 1992). 
Oxalate extractable Fe and Al measurements were performed by using the 
method of Rayment and Higginson (1992). The solution of 1 g air-dry soil (0.5mm) 
with 100 ml of 0.1 M acid oxalate reagent was shaken on an end-over-end shaker at 
25oC in the dark for 4 hours and then centrifuged for 30 minutes at 300 rpm to obtain 
50 ml of extract. The clarified extracts were diluted with 1+4 CsCl diluent solution. 
Diluted extracts were read by Inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) to determine Fe and Al (Rayment and Higginson 1992). 
Selected profiles were analysed for total elemental content in the 0-15 cm 
layer by a microwave aqua regia method of digestion (Tighe et al. 2004). 
Seventeen profiles were assessed for mineralogy by X-ray diffraction (XRD). 
Selected samples from the B horizon, and two deeper layers down to 2-2.5 m depth, 
the latter representing the C horizon, were assessed.  Samples where milled to 45 
microns and the powder fraction used for XRD (Moore and Reynolds, 1997). 
2.2.4 Roundness and sphericity 
From 15 representative sites in the four study areas (Figure 1.1), 300 sand 
grains (20 grains per site) with diameter from 100 to 1000 µm were studied under the 
microscope. A visual comparison method suggested by Krumbein and Sloss (1963) 
was used to analyze roundness and sphericity of quartz grains. Pre-treatment to remove 
grain coating was performed by boiling samples for 10 minutes in 10 % hydrochloric 
acid, then 20 minutes in stannous chloride solution. Before and after these treatments, 
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the samples were repeatedly washed with de-ionized water (Tucker 1988). The 
samples were then viewed under a microscope at constant magnification at 140x 
throughout the investigation. Roundness and sphericity were determined by comparing 
each sample grain with the roundness and sphericity chart developed by Krumbein and 
Sloss (1963) (Fig. 2.4). 
 
Figure 2.4 Particles with different sphericity and roundness (Krumbein and Sloss 1963). 
2.2.5 Sand grain surface microtexture 
Three hundred quartz grains with diameter from 100 to 1000 µm from 15 
representative sites (20 gains per sites) were selected to determine microtexture. 
Treatment to remove grain coatings was performed as described above (Tucker 1988). 
After mounting on carbon-coated adhesive tape on aluminium stubs, the grains were 
coated with gold (Krinsley and Doornkamp 1973; Tucker 1988). A SEM set at a 
magnification at 500x to 2000x was used to view and analyse surface texture of the 
quartz grains (Al-Saleh and Khalaf 1982). Each grain was evaluated based on Helland 
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et al. (1997) for the presence or absence of 26 surface textures (Table 2.3). Results 
were compiled into a percentage frequency graph for each site. 
Table 2.3 Surface texture used in analysis (Helland et al. 1997) 
No. Morphological No. Mechanical No. Chemical 
1. Angular outline 6. Small conchoidal fracture-b 21. Solution pits 
2. Rounded outline 7. Large conchoidal fracture-b 22. Chemical V-shaped pits 
3. Low relief 8. Straight steps-b 23. Adhering particles 
4. Medium relief 9. Arcuate steps-b 24. Limited silica precipitation 
5. High relief 10. Imbricated blocks-b 25. Extensive silica precipitation 
 11. Large breakage blocks-b 26. Euhedral crystal overgrowths 
 12. Fracture plates-b  
 13. Striations-t  
 14. Edge abrasion-t  
 15. Mechanical V-shaped pits-t  
 16. Straight grooves-t  
 17. Curved grooved-t  
 18. Meandering ridges-t  
 19. Irregular depressions-t  
  20. Upturned plates-t   
Note: Mechanical texture followed by -b are produced when grains break, either on release from the parent rock or during 
transport. Mechanical texture followed by -t are produced during grain transport. 
2.3 RESULTS 
2.3.1 Geomorphological setting and characteristics of profiles 
Full descriptions of each soil profile and of the site geomorphology are 
provided in Appendix 2.1. The key features of profiles are summarized in Table 2.2. 
Kampot 1-3 which occurred across an elevation range from 19 to 8 m above 
sea level (asl) were all classified as Prey Khmer, fine sandy phase and all were deep 
profiles, > 235 cm depth (Table 2.2). Unlike the other Kampot profiles, Kampot 1 
lacked ferruginous segregations in the profile. In Kampot 3, the increase in clay in the 
subsoil was at 48 cm compared to about 160 cm in Kampot 1 and 2.  Kampot 4 differed 
from Kampot 1-3 in having red colours in the A and B horizon rather than grey colours, 
medium sand rather than fine sand and iron-manganese segregations rather than 
ferruginous segregations. 
Tramkak 1-4 profiles occurred along a toposequence from the base of the 
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Domrei Romneal mountain to the plain while Tramkak 5 occurred on a low sandy rise 
within the plain (Table 2.2).  Each of the profiles along the transect was classified in a 
different Soil Group apart from Tramkak 1 and 5 that were each classed as Prey Khmer 
even though they differed in elevation, colour and presence of segregations. Tramkak 
3 and 4 had shallow sand A horizons (22-39 cm) overlying clay-rich B horizons 
whereas other profiles were deep sands to 130 cm or more. Despite these differences 
in depth to clay in the profiles, all were deeply weathered to 190 cm or more. 
Ponhea Krek 1 occurred at the highest elevation among the profiles in that 
district.  It also had the shallowest sand horizon (15 cm) that overlay sandy clay (Table 
2.2). No segregations were present in this profile.  Ponhea Krek 2-5 all occurred on an 
undulating plain between 10 and 22 m asl: all had iron-manganese segregations in the 
profile. Ponhea Krek 2, 3 and 5 that occurred on the higher parts of the plain had deep 
fine sand profiles while Ponhea Krek 4, which occurred at the lowest elevation, had a 
substantial increase in clay at 30 to 85 cm depth. The iron-manganese segregations 
occurred from 50 cm depth on this profile by contrast with the other profile where the 
segregations occurred from 170-185 cm depth. 
All the Kampong Chhnang profiles were deep coarse sands, apart from 
Kampong Chhnang 1 where there was a pronounced increase in clay from 69-86 cm 
depth (Table 2.2). Kampong Chhnang 1 occurred at 75-102 m asl, on higher elevation 
than the other profiles. All the profiles were classified as Prey Khmer, coarse sandy 
phase (White et al. 1997) and had relatively similar colours in A and B horizons.  All 
the profiles contained quartz gravels which occurred deeper than 34 cm in Kampong 
Chhnang 4 to below 120 cm in Kampong Chhnang 1. Only Kampong Chhnang 5 
contained iron-manganese segregations but they were below 185 cm depth. 
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2.3.2 Particle size distribution 
At most sites in Kampot, Tramkak and Ponhea Krek study areas, the 
predominant factions were sand in the 63 to 200 μm and 200 to 600 μm size classes 
(Table 2.4). Clay fractions (<2 μm) and the largest sand fraction (600-2000 μm) were 
the lowest in relative abundance at most sites. Percentages of the clay fraction were 
generally < 18 % in horizons within 0 to 60 cm depth but often increased sharply from 
about 60-160 cm depth to the base of profiles. Unlike other study areas, Kampong 
Chhnang profiles had a high percentage of the largest sand fraction (600-2000 μm) 
(generally 20-36 % but ranging from 19.4 to 55.9 %). 
In Kampot, the percentage of 200-600 μm particle fraction of Kampot 4 
profile, located close to the beach, was remarkably higher than within other profiles in 
the Kampot transect (Table 2.4). By contrast, the fractions within 2-20 μm and 20-63 
μm sizes of this profile comprised lower percentages than those in other Kampot 
profiles. 
Whole profiles of Tramkak 3 and 4, located at the lowest part of the transect 
in Tramkak and Ponhea Krek 1, located at higher elevation on the Ponhea Krek 
transect, had high clay content from about 20 cm depth to the base of the profiles, with 
clay values ranging from 6 to 42.6 % (Table 2.4). The fractions within the 2-20 μm 
size class of Tramkak 3 and 4 also comprised a higher percentage than other profiles, 
ranging from 19.2 to 36.5 %.  
At Ponhea Krek, in profiles apart from Ponhea Krek 1, percentages of the 63-
200 μm size fraction were the highest among the fractions (Table 2.4).  This fraction 
ranged between 20.9 and 69.1 % of the sample mass. At Ponhea Krek 1, the 63-200 
μm and 200-600 μm fractions were predominant with similar amounts ranging from 
23.5-40.7 %. This profile had higher clay content than at other profiles.  
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 Table 2.4 Soil particle size distribution of 19 sites in four study areas 
Site Site location 
Depth Particle size distribution (%) 
 cm < 2 μm 2-20 μm 20-63 μm 63-200 μm 200-600 μm 600-2000 μm 
Kampot 1 N: 1168981 
E: 393885,  
19 m asl* 
0-18 5.1 5.7 14.1 41.9 30.2 3.0 
18-50 8.4 4.8 11.7 39.4 31.8 3.9 
50-90 7.1 4.1 10.5 42.1 32.0 4.1 
90-130 5.6 3.9 10.2 42.3 33.5 4.4 
130-158 9.8 3.6 9.9 40.0 32.0 4.7 
158-220 14.4 3.0 8.4 35.0 32.6 6.5 
220-270 11.9 3.8 9.3 37.4 32.5 5.1 
Kampot 2 N: 1167649 
E: 404320, 
 15 m asl* 
0-20 2.0 5.7 17.9 47.5 25.1 1.7 
20-45 1.8 7.4 16.4 43.9 27.4 3.1 
45-65 4.9 6.9 15.6 41.4 26.9 4.3 
65-95 6.2 6.2 16.1 41.4 26.3 3.9 
95-160 9.8 7.9 14.0 39.4 26.3 2.6 
160-190 21.9 7.5 12.5 30.5 23.8 3.9 
190-220 22.6 8.7 13.7 30.5 20.8 3.7 
220-250 27.2 9.0 13.5 27.6 18.4 4.4 
Kampot 3 N: 1168573  
E: 394104, 
 8 m asl* 
0-13 4.8 8.6 21.9 39.8 23.6 1.4 
13-30 5.2 7.7 18.0 41.9 25.4 1.9 
30-48 8.0 7.4 18.3 39.3 24.5 2.5 
48-80 15.6 8.1 16.3 34.6 23.2 2.2 
80-120 20.1 10.0 17.2 29.0 20.4 3.4 
120-170 19.6 11.0 15.4 25.3 22.3 6.4 
170-235 25.5 15.5 18.3 21.5 14.3 4.9 
Kampot 4 N: 1166086 
E: 396319, 
 10 m asl* 
0-20 4.1 1.6 1.9 12.6 77.9 1.9 
20-57 2.3 0.9 0.9 8.5 85.6 1.8 
57-80 1.6 0.4 0.2 10.7 86.6 0.5 
80-105 1.9 0.4 0.4 11.5 82.9 2.9 
105-145 10.7 1.6 2.1 14.0 63.1 8.6 
145-175 18.6 2.8 3.5 18.5 50.3 6.4 
175-240 21.9 3.4 4.9 19.2 44.2 6.4 
Tramkak 1  
N: 1214584 
E: 451562, 
55 m asl* 
0-18 2.2 4.6 13.2 46.7 32.0 1.4 
  18-55 0.9 3.6 13.9 46.2 33.4 2.1 
  55-91 0.8 7.1 13.5 43.3 32.9 2.4 
  91-160 1.2 6.7 13.6 42.0 33.6 3.0 
  160-190 2.0 8.5 14.1 42.6 30.2 2.5 
  190-225 11.2 9.2 12.6 34.6 29.2 3.2 
  225-250 20.4 8.2 12.6 29.2 26.2 3.5 
Tramkak 2 N: 1215013 
 E: 454435, 
32 m asl* 
0-22 8.4 11.4 14.7 41.1 23.0 1.4 
  22-43 7.9 8.0 13.5 40.5 27.8 2.2 
  43-65 7.4 7.0 14.0 41.3 28.0 2.3 
  65-110 5.2 4.2 10.7 47.2 30.5 2.2 
  110-135 6.6 9.4 12.9 39.8 26.3 4.9 
  135-180 20.6 12.0 12.5 28.5 21.9 4.5 
  180-200 14.6 8.9 10.4 27.8 25.8 12.5 
Tramkak 3 N: 1214958 
E: 458673, 
17 m asl* 
0-22 9.3 22.1 17.1 32.7 17.5 1.3 
  22-39 13.7 25.1 14.1 28.4 17.8 0.9 
  39-60 19.0 27.0 7.2 24.0 22.2 0.6 
  60-110 42.6 36.5 10.5 6.2 3.9 0.4 
  110-155 33.0 25.5 8.7 17.8 13.1 1.8 









 10 m asl* 
0-12 6.0 19.8 20.8 31.4 18.6 3.4 
12-25 7.9 22.7 12.6 29.8 21.9 5.0 
25-50 22.1 34.0 11.7 15.8 8.5 7.8 
50-95 36.0 22.8 5.9 18.3 11.3 5.7 
95-140 28.4 33.1 12.1 15.6 6.8 4.0 
140-190 36.6 21.6 14.4 13.6 9.8 4.0 
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Table 2.4 (Continued) 
Site Site location 
Depth Particle size distribution (%) 
 cm < 2 μm 2-20 μm 20-63 μm 63-200 μm 200-600 μm 600-2000 μm 
Tramkak 5 N: 1213435 
E: 465881, 
18 m asl* 
0-21 2.4 5.0 18.3 48.0 24.2 2.1 
  21-52 2.1 4.0 18.8 48.7 23.9 2.6 
  52-94 2.5 4.6 20.1 49.0 20.8 3.0 
  94-115 0.6 7.4 23.4 47.3 18.9 2.4 
  115-130 8.6 6.8 20.3 43.2 18.2 2.8 
  130-165 10.8 7.9 17.7 45.4 15.4 2.7 
  165-210 15.8 10.3 20.4 38.9 11.7 3.0 
  210- 250 13.9 8.5 20.8 29.9 13.7 13.3 
Ponhea Krek 1 N: 1314599 
E: 591781, 
 36 asl* 
0-15 8.8 3.2 11.9 40.7 31.5 3.8 
15-40 19.5 4.3 11.9 31.3 27.9 5.2 
40-72 22.2 5.1 11.5 31.1 25.9 4.2 
72-115 22.6 5.6 11.3 28.8 26.4 5.4 
115-170 24.9 6.3 11.4 27.8 24.6 5.3 
170-220 24.9 6.2 10.8 26.1 24.2 7.7 
220-250 26.0 6.0 10.6 26.3 23.5 7.7 
Ponhea Krek 2 N: 130598 
E: 585304, 
22 asl* 
0-15 3.8 6.2 25.9 55.3 8.6 0.2 
15-36 1.8 4.0 22.0 61.4 10.5 0.4 
36-54 0.7 4.0 22.1 63.0 9.8 0.3 
54-98 0.8 4.4 25.9 59.7 9.0 0.3 
98-130 5.5 7.3 28.3 51.1 7.4 0.4 
130-170 7.1 7.4 28.3 50.3 6.6 0.3 
170-220 7.1 8.3 26.9 48.9 8.0 0.8 
Ponhea Krek 3 N: 1297946 
E: 585779 
17 asl* 
0-18 3.2 7.4 26.2 56.3 6.6 0.3 
18-45 1.9 7.9 27.9 54.4 7.6 0.3 
45-74 2.6 9.2 26.1 55.0 6.9 0.2 
74-94 3.7 11.4 28.1 50.5 6.0 0.3 
94-140 13.0 11.3 26.1 44.6 4.6 0.4 
140-185 11.9 15.0 26.2 41.2 5.2 0.3 
185-210 19.6 13.5 24.8 37.3 4.5 0.4 
210-240 21.1 13.1 24.2 36.4 4.4 0.8 
Ponhea Krek 4 N: 1291336 
E: 582886,  
10 asl* 
0-13 5.3 20.6 22.3 40.6 11.1 0.1 
13-30 7.2 24.7 20.2 36.6 11.2 0.1 
30-50 12.0 30.4 17.9 30.2 9.2 0.3 
50-85 14.5 31.3 19.3 26.7 7.9 0.3 
85-140 20.3 24.3 20.7 25.7 7.6 1.4 
140-170 20.3 18.4 17.2 20.9 11.5 11.8 
Ponhea Krek 5 N: 1299062 
E: 578138,  
18 m asl* 
0-19 1.3 2.5 27.2 64.7 4.2 0.1 
19-44 1.5 3.0 21.9 69.1 4.4 0.1 
44-78 1.0 3.0 23.0 68.0 4.9 0.0 
78-103 0.8 5.7 22.3 65.9 5.2 0.1 
103-130 5.0 8.4 23.5 58.7 4.4 0.1 
130-148 6.3 8.9 23.7 56.6 4.4 0.2 
148-180 18.0 11.4 21.4 45.0 3.9 0.4 
180-210 29.4 11.9 18.1 36.9 2.0 0.7 





Table 2.4 (Continued) 
 
Site Site location 
Depth Particle size distribution (%) 




 E: 426532, 
117 m asl* 
0-10 2.7 5.8 11.3 25.9 34.9 19.4 
10-22 2.8 4.6 9.9 26.1 34.4 22.2 
22-40 4.6 3.9 10.0 25.1 33.3 23.1 
40-69 7.8 3.6 9.2 24.1 32.6 22.7 
69-86 11.0 5.1 10.0 21.2 21.9 30.8 
86-120 26.2 4.2 7.8 16.3 21.2 24.3 
120-175 34.6 3.4 5.8 11.8 17.0 27.4 
175-220 53.9 3.6 6.1 8.0 9.6 18.8 




 E: 443059 
57 m asl* 
0-16 1.7 2.1 9.2 25.8 31.6 29.6 
16-36 1.2 1.2 6.7 28.0 34.6 28.2 
36-71 1.3 1.6 7.7 31.2 33.3 24.8 
71-110 5.4 2.6 6.7 18.1 24.3 42.9 
110-150 6.3 3.1 6.1 11.1 17.6 55.9 
150-180 40.4 4.5 5.6 8.5 11.6 29.4 




 E: 459982, 
 33 m asl* 
0-18 2.0 2.0 6.9 24.4 34.2 30.6 
18-40 2.3 1.1 6.3 22.5 31.8 36.0 
40-77 1.8 1.4 8.4 25.4 29.4 33.6 
77-112 0.9 2.4 11.7 28.8 27.2 28.9 
112-145 8.3 8.2 15.4 21.1 18.4 28.5 
145-182 29.2 5.1 12.6 14.7 12.9 25.5 




 E: 470581, 
15 m asl* 
0-15 1.6 2.6 7.1 21.6 35.8 31.4 
15-34 1.7 2.3 6.5 22.3 34.3 33.0 
34-62 1.0 2.0 7.4 26.9 37.7 25.1 
62-93 3.5 3.8 8.0 24.5 35.4 24.8 
93-127 7.2 3.1 6.5 17.7 33.3 32.3 
127-155 12.5 6.1 6.8 12.1 19.9 42.7 
155-197 30.4 4.4 6.2 9.4 13.6 36.0 





42 m asl* 
0-25 5.3 3.8 7.1 22.1 34.8 26.9 
25-54 6.7 3.3 5.7 18.4 33.7 32.2 
54-82 4.7 2.8 6.1 22.8 34.2 29.5 
82-99 3.1 3.7 8.2 24.4 33.0 27.6 
99-143 2.3 3.1 7.2 22.9 32.0 32.5 
143-185 6.0 5.8 7.9 18.6 26.2 35.5 
185-220 23.3 3.5 5.3 10.0 16.7 41.2 





2.3.3 Chemical characteristics 
Soil pH in CaCl2 ranged between 3.4 and 6.4, but at most of the sites, pH was 
below 4.5 (Table 2.5). At all sites in the Kampot area, including Kampot 4, located 
close to the beach, soil pH values were below 4.0. In Tramkak, soil pH were relatively 
higher at Tramkak 4 and 5 than other profiles that had pH values ranging between 4 
and 5 but pH increased to 6.4 at the base of Tramkak 5. In the Ponhea Krek area, only 
Ponhea Krek 5 had whole profile pH value higher than 4. Generally, soil pH values of 
other profiles in Ponhea Krek were lower than 4. 
Soil pH of all profiles in Kampong Chhnang areas were generally higher than 
4 (Table 2.5). In most profiles, except Kampong Chhnang 2, soil pH decreased down 
the profile. In contrast, pH of Kampong Chhnang 2, increased to the base of the profile 
from 4.4 in the top layer to 6.1 at the base layer (180-240 cm). 
Soil electrical conductivities (EC) of all profiles were very low (Table 2.5). 
They were generally between 0.01 and 0.03 dS/m. At the base of Kampong Chhnang 
2, EC reached to 0.06 dS/m.  
Oxalate-extractable Al was low, ranging from negligible to 0.17 %. Except in 
Kampot 1, levels were lower in the top layer and higher at the base of each profile 
(Table 2.5). Oxalate-extractable Fe ranged between negligible and 1.71 % and 
similarly to oxalate-extractable Al, oxalate-extractable Fe increased from top layer to 
the base of each profile. Generally, higher oxalate-extractable Fe was found in the base 
of the profiles of all sites in the Kampot area compared to other study areas. The 





Table 2.5 Soil chemical data of 19 sites in four study areas. 
Site Site location 
Depth pH EC Oxalate-Extractable Al and Fe (%) 
 cm 1:5 CaCl2 dS/m Al Fe 
Kampot 1 N: 1168981, 
E: 393885, 
19 m asl* 
0-18 3.4 0.03 -  -  
18-50 3.5 0.02 -   - 
50-90 3.7 0.02 0.09 0.18 
90-130 3.7 0.01 0.04 0.08 
130-158 3.6 0.01 0.06 0.08 
158-220 3.4 0.02 0.08 0.08 
220-270 3.5 0.01 0.06 0.26 
Kampot 2 N: 1167649, 
E: 404320, 
15 m asl* 
0-20 3.6 0.02     
20-45 3.7 0.01 0.01 0.00 
45-65 4.0 0.02 0.45 0.06 
65-95 3.8 0.02 0.10 0.12 
95-160 3.5 0.02 0.04 0.09 
160-190 3.3 0.02 0.09 0.06 
190-220 3.3 0.02 0.08 0.07 
220-250 3.3 0.02 0.10 0.16 
Kampot 3 N: 1168573 
E: 394104, 8 
m asl* 
0-13 3.4 0.03 0.04 0.01 
13-30 3.6 0.02 0.06 0.01 
30-48 3.9 0.02 0.31 0.05 
48-80 3.6 0.02 0.14 0.10 
80-120 3.4 0.01 0.12 0.15 
120-170 3.4 0.02 0.11 0.19 
170-235 3.3 0.02 0.14 0.27 
Kampot 4 N: 1166086, 
E: 396319, 
10 m asl* 
0-20 3.6 0.02  - -  
20-57 3.8 0.01 0.02 0.14 
57-80 4.0 0.01 0.02 0.04 
80-105 4.0 0.01 0.03 0.15 
105-145 3.7 0.01 0.12 0.42 
145-175 3.9 0.01 0.10 1.39 










55 m asl* 
0-18 3.8 0.02 0.01 0.00 
18-55 4.0 0.01 0.00 0.00 
55-91 4.1 0.01 0.00 0.01 
91-160 4.3 0.01 0.05 0.13 
160-190 3.9 0.01 0.01 0.03 
190-225 3.6 0.01 0.01 0.03 










32 m asl* 
0-22 3.4 0.02 0.03 0.11 
22-43 4.1 0.02 0.02 0.07 
43-65 3.8 0.02 0.03 0.04 
65-110 3.8 0.02 0.02 0.05 
110-135 3.7 0.02 0.02 0.05 
135-180 4.4 0.03 0.02 0.14 









17 m asl* 
0-22 4.2 0.02 0.01 0.07 
22-39 4.0 0.02 0.04 0.13 
39-60 3.6 0.02 0.05 0.09 
60-110 3.3 0.03 0.12 0.13 
110-155 3.4 0.02 0.10 0.27 









10 m asl* 
0-12 4.7 0.04 -  -  
12-25 4.2 0.02 0.02 0.03 
25-50 4.4 0.02 0.04 0.05 
50-95 4.1 0.02 0.06 0.02 
95-140 4.8 0.02 0.05 0.08 
140-190 5.4 0.03 0.03 0.10 
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Table 2.5: Continued 
Site Site location 
Depth pH EC Oxalate-Extractable Al and Fe (%) 










E: 465881,  
18 m asl* 
0-21 4.0 0.03 0.01 0.06 
21-52 4.1 0.01 0.01 0.01 
52-94 4.2 0.01 0.01 0.02 
94-115 5.0 0.02 0.00 0.00 
115-130 5.0 0.03 0.02 0.08 
130-165 5.5 0.05 0.01 0.02 
165-210 5.8 0.07 0.02 0.02 
210- 250 6.4 0.18 0.03 0.13 
Ponhea Krek 1 N: 1314599,  
E: 591781,  
36 asl* 
0-15 3.9 0.02 0.03 0.03 
15-40 3.7 0.03 0.05 0.06 
40-72 3.7 0.02 0.05 0.03 
72-115 3.7 0.02 0.05 0.03 
115-170 3.6 0.03 0.05 0.02 
170-220 3.7 0.03 0.05 0.00 
220-250 3.7 0.02 0.05 0.00 
Ponhea Krek 2 N: 130598,  
E: 585304,  
22 asl 
0-15 3.7 0.02 0.01 0.05 
15-36 4.1 0.01 0.01 0.00 
36-54 4.5 0.01 0.00 0.00 
54-98 4.5 0.01 0.00 0.00 
98-130 4.0 0.01 0.02 0.02 
130-170 3.9 0.01 0.02 0.01 
170-220 4.0 0.01 0.02 0.01 
Ponhea Krek 3 N: 1297946,  
E: 585779,  
17 asl* 
0-18 4.0 0.02 0.01 0.04 
18-45 4.2 0.01 0.01 0.00 
45-74 4.1 0.01 0.01 0.01 
74-94 3.7 0.02 0.01 0.04 
94-140 3.4 0.02 0.02 0.17 
140-185 3.6 0.01 0.02 0.03 
185-210 3.7 0.01 0.04 0.06 
210-240 3.7 0.02 0.04 0.06 
Ponhea Krek 4 N: 1291336,  
E: 582886,  
10 asl* 
0-13 4.1 0.02 0.03 0.01 
13-30 4.0 0.01 0.02 0.00 
30-50 3.8 0.01 0.03 0.01 
50-85 3.9 0.02 0.03 0.02 
85-140 3.8 0.01 0.05 0.03 
140-170 3.9 0.02 0.06 0.13 
Ponhea Krek 5 N: 1299062,  
E: 578138,  
18 m  asl* 
0-19 4.3 0.01  -  - 
19-44 4.4 0.01 0.02 0.00 
44-78 4.7 0.01 0.00 0.02 
78-103 4.7 0.01 0.00 0.00 
103-130 4.0 0.01 0.01 0.03 
130-148 4.0 0.01 0.01 0.02 
148-180 4.3 0.02 0.01 0.03 
180-210 4.5 0.03 0.02 0.06 
  210-250 4.6 0.03 0.03 0.11 
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Table 2.5: Continued 
Site Site location 
Depth pH EC Oxalate-Extractable Al and Fe (%) 
 cm 1:5 CaCl2 dS/m Al Fe 
Kampong Chhnang 1 N: 1319465,  
E: 426532,  
117 m asl* 
0-10 4.3 0.02 -  -  
10-22 4.2 0.01 -   - 
22-40 4.0 0.01 0.02 0.03 
40-69 3.9 0.02 0.04 0.01 
69-86 3.9 0.01 0.05 0.02 
86-120 3.7 0.01 0.11 0.04 
120-175 3.7 0.01 0.13 0.05 
175-220 3.6 0.01 0.17 0.08 
220-250 3.7 0.01 0.16 0.12 
Kampong Chhnang 2 N: 1331363,  
E: 443059,  
57 m asl* 
0-16 4.4 0.02 0.01 0.00 
16-36 4.4 0.01 0.00 0.00 
36-71 4.7 0.01 0.00 0.00 
71-110 5.1 0.01 0.05 0.01 
110-150 5.4 0.02 0.03 0.04 
150-180 5.5 0.02 0.06 0.17 
180-240 6.1 0.06 0.05 0.09 
Kampong Chhnang 3 N: 1332500,  
E: 459982,  
33 m asl* 
0-18 4.2 0.01 0.01 0.00 
18-40 4.4 0.01 0.03 0.00 
40-77 4.6 0.01 0.09 0.00 
77-112 4.8 0.01 0.01 0.02 
112-145 4.6 0.01 0.07 0.28 
145-182 3.8 0.01 0.11 0.04 
182-235 3.8 0.01 0.09 0.05 
Kampong Chhnang 4 N: 1336103,  
E: 470581,  
15 m asl* 
0-15 4.0 0.02 0.01 0.00 
15-34 4.3 0.02 0.01 0.00 
34-62 4.5 0.01 0.01 0.00 
62-93 4.4 0.01 0.05 0.01 
93-127 4.0 0.02 0.05 0.00 
127-155 3.9 0.02 0.07 0.03 
155-197 3.8 0.01 0.15 0.08 
197-250 3.7 0.02 0.15 0.06 
Kampong Chhnang 5 N: 1343806,  
E: 466225,  
42 m asl* 
0-25 4.0 0.02 0.03 0.02 
25-54 4.0 0.01 0.04 0.01 
54-82 4.2 0.01 0.03 0.00 
82-99 4.2 0.01 0.02 0.01 
99-143 4.3 0.01 0.02 0.04 
143-185 4.2 0.01 0.03 0.05 
185-220 3.8 0.02 0.09 0.07 
220-250 3.7 0.02 0.10 0.03 
 
2.3.4 Mineralogy 
Quartz was the major mineral accounting for more than 50 % at most profiles 
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(Table 2.6). Only the whole profile of Ponhea Krek 1, the top and middle layers of 
Tramkak 4, the middle and base layers of Kampot 4 and Kampong Chhnang 1 and the 
base layer of Ponhea Krek 5 had 20-50 % quartz. 
Kaolinite was found in all profiles in the study areas but present at variable 
percentages (Table 2.6). Highest percentage of kaolinite, with 50 % of the powder 
fraction, was found in the base layer (197-250 cm depth) of Kampong Chhnang 4. 
Moderate amounts (20-50 %) of kaolinite were found in the whole profile of Ponhea 
Krek 1 and base layers of Ponhnea Krek 2,3,5, Kampong Chhnang 1, 2, and 3. In 
remaining layers and profiles, kaolinite comprised traces (<5 %) or little (5-20 %) of 
the powder fraction of the horizon. 
Goethite was present only in the basal layers of some profiles in Kampot 
(Kampot 2, 3 and 4), Tramkak (2, 3, and 5) and Ponhea Krek (3, 4, and 5). In Kampong 
Chhnang, goethite was found only at the base of the Kampong Chhnang 3 profile (182-
235 cm depth) with a trace amount (<5 %). Others minerals such as feldspar, hematite 
anatase and undefined clay minerals were present only in some profiles with very small 
amounts (<5 %). 
2.3.5 Total elemental content 
Samples from the surface horizon (up to 10-15 cm depth) of 13 profiles were 
analysed for total content of 16 elements (Table 2.7). The Ponhea Krek profiles had 
consistently higher Cr and Ni than other areas, while Mn concentrations were generally 
lower, especially in Ponhea Krek 2 and 3. Arsenic concentrations were generally 
higher in the Tramkak profiles. The Fe and Al concentrations in Kampong Chhnang 
profiles were lower than most other profiles especially in Kampong Chhnang 2, 3 and 
4, but by contrast Kampong Chhnang 5 had relatively high concentrations. 
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 (cm) Quartz Kaolinite Feldspar Goethite Hematite Clay Min. Anatase 
Kampot1 N: 1168981, 
E: 393885, 
19 m asl 
50-90 ✓✓✓✓ ✓      
130-158 ✓✓✓✓ ✓ ✓     
220-270 ✓✓✓✓ ✓✓      
Kampot 2 N: 1167649, 
E: 404320,  
15 m asl 
65-95 ✓✓✓✓ ✓      
95-160 ✓✓✓✓ ✓      
220-250 ✓✓✓✓ ✓✓  ✓✓ ✓   
Kampot 3 N: 1168573  
E: 394104,  
8 m asl 
48-80 ✓✓✓✓ ✓✓      
120-170 ✓✓✓✓ ✓✓  ✓   ✓ 
170-235 ✓✓✓✓ ✓✓  ✓ ✓ ✓. ✓ 
Kampot 4 N: 1166086, 
E: 396319, 
10 m asl 
57-80 ✓✓✓✓  ✓     
105-145 ✓✓✓ ✓  ✓✓    
175-240 ✓✓✓ ✓✓  ✓✓✓ ✓✓   
Tramkak 1 N: 1214584,  
E: 451562,  
55 m asl 
18-55 ✓✓✓✓       
91-160 ✓✓✓✓       
225-250 ✓✓✓✓ ✓✓      
Tramkak 2 N: 1215013,  
E: 454435,  
32 m asl 
43-65 ✓✓✓✓ ✓      
110-135 ✓✓✓✓ ✓      
180-200 ✓✓✓✓ ✓✓  ✓✓✓  ✓  
Tramkak 3 N: 1214958,  
E: 458673,  
17 m asl 
60-110 ✓✓✓✓ ✓✓    ✓ ✓ 
110-155 ✓✓✓✓ ✓✓  ✓   ✓ 
155-190 ✓✓✓✓ ✓✓  ✓ ✓  ✓ 
Tramkak 4 N: 1213007, 
E: 464503, 
10 m asl 
50-95 ✓✓✓ ✓✓ ✓     
95-140 ✓✓✓ ✓    ✓  
140-190 ✓✓✓✓ ✓✓    ✓✓  
Tramkak 5 N: 1213435,  
E: 465881,  
18 m asl 
52-94 ✓✓✓✓       
115-130 ✓✓✓✓ ✓      
210- 250 ✓✓✓✓ ✓  ✓✓✓    
Ponhea Krek 1 N: 1314599,  
E: 591781,  
36 asl 
40-72 ✓✓✓ ✓✓✓      
115-170 ✓✓✓ ✓✓✓      
220-250 ✓✓✓ ✓✓✓      
Ponhea Krek 3 N: 1297946,  
E: 585779,  
17 asl 
74-94 ✓✓✓✓       
140-185 ✓✓✓✓ ✓ ✓     
210-240 ✓✓✓✓ ✓✓✓  ✓✓✓    
Ponhea Krek 4 N: 1291336,  
E: 582886,  
10 asl 
50-85 ✓✓✓✓ ✓✓      
85-140 ✓✓✓✓ ✓✓✓  ✓    
140-170 ✓✓✓✓ ✓✓✓  ✓✓✓    
Ponhea Krek 5 N: 1299062,  
E: 578138,  
18 m  asl 
44-78 ✓✓✓✓       
103-130 ✓✓✓✓ ✓      
210-250 ✓✓✓ ✓✓✓  ✓✓✓  ✓  
Kampong 
Chhnang 1 
N: 1319465,  
E: 426532,  
117 m asl 
69-86 ✓✓✓✓ ✓      
120-175 ✓✓✓ ✓✓✓ ✓     
220-250 ✓✓✓ ✓✓✓ ✓     
Kampong 
Chhnang 2 
N: 1331363,  
E: 443059,  
57 m asl 
71-110 ✓✓✓✓ ✓      
110-150 ✓✓✓✓ ✓      
180-240 ✓✓✓✓ ✓✓✓ ✓  ✓   
Kampong 
Chhnang 3 
N: 1332500,  
E: 459982,  
33 m asl 
40-77 ✓✓✓✓       
112-145 ✓✓✓✓ ✓      
182-235 ✓✓✓✓ ✓✓✓  ✓    
Kampong 
Chhnang 4 
N: 1336103,  
E: 470581,  
15 m asl 
62-93 ✓✓✓✓       
127-155 ✓✓✓✓ ✓✓      
197-250 ✓✓✓✓ ✓✓✓✓      
 *  ✓: < 5 % (trace), ✓✓: 5-20 % (little), ✓✓✓ : 20-50% (moderate), ✓✓✓✓: > 50 % (much). 
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There was only one profile from Kampot study area analysed for total 
elemental concentration in the surface horizon so no general trends can be 
discerned, but the Kampot 3 had high K and Mg, matched only by Tramkak 2 and 
3 (Table 2.7). The latter two profiles had higher Pb than most other profiles. The 
P and S concentrations were fairly uniform down the profiles although Ponhea 
Krek 1 had twice has much P as other samples except Tramkak 2. The Tramkak 
3 profile had consistently higher concentrations of all elements except P, S and 
Sb. Along the Tramkak transect, Tramkak 1 profile had generally lower 




Table 2.7 Elemental composition of the 0-15 cm layer in sand profiles. 
Site 
Al As Cd Cr Cu Fe Mg Mn Ni P Pb S Sb Zn 
% mg/kg mg/kg mg/kg mg/kg % % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
Kampot 3 0.445 0.000 0.000 2.780 0.000 0.088 0.012 8.200 0.950 56.700 0.000 57.200 0.000 1.940 
Tramkak 1 0.120 0.582 0.000 1.060 0.000 0.056 0.002 17.700 0.040 24.600 0.000 20.100 0.000 0.870 
Tramkak 2 0.900 2.073 0.084 13.3 0.467 0.504 0.015 27.400 1.920 70.200 2.540 39.400 0.000 3.810 
Tramkak 3 0.799 2.777 0.157 18.310 1.417 0.533 0.016 84.300 2.460 56.600 4.050 37.900 0.018 4.160 
Tramkak 5 0.258 7.961 0.000 6.370 0.000 0.257 0.005 34.200 0.320 36.500 1.330 23.500 0.416 1.100 
Ponhea Krek 1 1.395 0.000 0.000 38.990 0.404 0.370 0.008 25.000 4.960 106.800 2.270 44.400 0.706 4.600 
Ponhea Krek 2 0.571 0.816 0.000 12.730 0.416 0.237 0.004 6.300 2.490 49.800 0.470 35.800 0.021 1.450 
Ponhea Krek 3 0.299 0.338 0.094 15.440 0.000 0.153 0.002 6.500 6.800 29.000 0.680 28.100 0.000 0.800 
Ponhea Krek 4 0.533 0.988 0.056 14.070 0.131 0.227 0.007 28.500 6.320 46.800 1.310 31.700 0.549 6.060 
Kampong Chhnang 1 0.165 0.000 0.000 0.730 0.000 0.077 0.002 18.900 0.010 32.200 0.000 18.800 0.498 1.890 
Kampong Chhnang 2 0.286 0.255 0.010 2.200 0.000 0.094 0.002 11.800 0.520 33.500 0.230 25.300 0.000 1.350 
Kampong Chhnang 3 0.127 0.000 0.000 1.040 0.000 0.081 0.001 6.600 0.140 23.500 0.000 17.000 0.472 0.760 
Kampong Chhnang 4 0.791 0.222 0.109 9.870 0.000 0.233 0.003 25.900 1.870 44.300 2.500 14.900 0.000 2.930 
Kampong Chhnang 5 1.164 2.469 0.176 11.030 4.821 0.789 0.050 52.700 4.460 67.700 4.960 68.200 0.000 11.990 
Recovery % 44.400 101.100 98.700 65.500 91.300 85.600 77.700 81.900 90.400 119.000 89.600 NA 98.200 95.400 
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2.3.6 Roundness and sphericity 
Sub-angular and sub-rounded were the major shapes of sand grains of all sites 
within the study areas (Table 2.8). The highest percentage of sub-angular grade, 
ranging from 55 – 80 %, was found at Kampot 3, Tramkak 1 and 2, Ponhea Krek 2 
and Kampong Chhnang 1. At the remaining sites, sub-rounded grade was a dominant 
shape represented by 50 – 70 % of grains. Both angular and rounded grains were 
present in very small amounts (≤ 10 %) at most sites. Highest amounts were in Kampot 
1 and Tramkak 1 that had 15 % angular gains and Kampong Chhnang 4 that had 15 % 
rounded gains. 
At most of the sites in Kampot, percentages of sub-rounded sand grains were 
higher than in other study areas, ranging from 65-75 % (Table 2.8). In Tramkak and 
Kampong Chhnang, the amount of sub-rounded grains increased from the site located at 
higher elevation at the base of mountains to the sites at lower parts of the study areas. In 
contrast, percentages of sub-angular grains were lower at the lower elevations sampled. 
 
Table 2.8 Roundness values. Percentage of each grade was calculated based on 
roundness value of 20 sand grains from each site. Roundness was 
classified as in Table 2.4. 










Kampot 1 15 20 65 0 
Kampot 2 5 20 75 0 
Kampot 3 5 65 30 0 
Kampot 4 0 25 70 5 
Tramkak  Tramkak 1 15 80 5 0 
Tramkak 2 0 60 40 0 
Tramkak 4 5 35 50 10 
Tramkak 5 5 45 50 0 
Ponhea Krek  Ponhea Krek 1 0 40 55 5 
Ponhea Krek 2 0 55 40 5 
Ponhea Krek 3 0 40 55 5 
Ponhea Krek 5 5 40 50 5 
Kampong  Kampong Chhnang 1 10 60 30 0 
Chhnang Kampong Chhnang 3 10 45 40 5 
  Kampong Chhnang 4 0 20 65 15 
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Table 2.9 shows that moderately spherical class dominates in all profiles 
(40 -75 %), followed by poorly spherical and spherical glasses at similar levels (10 
-35 %). No highly spherical class was found in the study areas. 
Table 2.9 Sphericity values. Percentage of each grade was calculated based on 
sphericity value of 20 sand grains from each site. Sphericity was classified 
as outlined in Figure 2.4. 














Kampot 1 20 55 25 0 
Kampot 2 10 75 15 0 
Kampot 3 20 55 25 0 
Kampot 4 15 70 15 0 
Tramkak  Tramkak 1 20 65 15 0 
Tramkak 2 35 55 10 0 
Tramkak 4 25 40 35 0 
Tramkak 5 10 75 15 0 
Ponhea Krek 
  
Ponhea Krek 1 10 70 20 0 
Ponhea Krek 2 20 45 35 0 
Ponhea Krek 3 25 65 10 0 




Kampong Chhnang 1 20 65 15 0 
Kampong Chhnang 3 20 65 15 0 
Kampong Chhnang 4 25 55 20 0 
 
2.3.7 Sand grain surface microtexture 
Sand grains of most study sites had mechanical and chemical microtexture 
features (Figs 2.5-2.9). Surface sand grain microtextures of samples from most sites 
showed angular grains with low and medium relief. Only Kampot 4 and Tramkak 
4 profiles had more than 20 % rounded grains. The Kampot sand grains had a higher 
proportion of medium relief grains than low relief by contrast with the other 
profiles. Conchoidal fractures were least prevalent in Kampong Chhnang profiles. 
While in Ponhea Krek and Kampot profiles, the large conchoidal fractures were more 
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prevalent than small, in Tramkak sand grains the trend was reversed. The prevalence 
of straight steps and imbricated blocks was low in all profiles. Large breakage block 
and fracture plates were higher in Kampot profiles than other locations. There were 
high frequencies of arcuate steps in all profiles, but lower in Tramkak profiles and 
in Kampot 2. Apart from Kampot profiles, striations were rare and edge abrasion was 
even less common. Kampong Chhnang sand grains had a lower proportion of 
mechanical v-shaped grooves than sand from the other study areas but a higher 
proportion of curved grooves. Kampot profile sands had a higher percentage with 
adhering particles especially compared to Ponhea Krek and Kampong Chhnang. 
There were low frequencies of meandering ridges, irregular depressions, and 
euhedral crystal overgrowths.  
Comparing with other sites in Kampot district, Kampot 4 had higher 
frequencies of rounded outline, straight steps, curved grooved, limited silica 
precipitation and solution pits and a lower proportion of straight grooves, upturned 
plates and adhering particles. 
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25. Extensive silica precipitation
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Figure 2.6 Microtextures of quartz grains from Kampot District. Kampot 1 showing 
large breakage blocks and straight grooves (left) and abundant of solution 
pits (right); Kampot 2- mechanical V-shaped pits (left), upturned plates 
and extensive silica precipitation (right); Kampot 3: curved grooves (left), 
solution pits, adhering particles and upturned plates (both).; Kampot 4: 
rounded outline, mechanical V-shaped pits (left), solution pits, straight 











Figure 2.7 Microtextures of quartz grains from Tramkak District. Tramkak 1: showing 
solution pits and upturned plates (both); Tramkak 2: Both grains showing 
abundant solution pits and extensive silica precipitation; Tramkak 4: 
rounded outline grain with solution pits, chemical V-shape pits and upturned 













Figure 2.8  Microtextures of quartz grains from Ponhea Krek District. Ponhea Krek 1: 
Smooth surface gain (left) straight steps and cured grooves features, and on 
the right grain showing upturned plates and silica dissolution pits; Ponhea 
Krek 2: curved groove (right), upturned plates and solution pits on both 
grains. Ponhea Krek 3: upturned plates (left) and silica precipitation and 







Ponhea Krek 1 
Ponhea Krek 2 
Ponhea Krek 3 
Ponhea Krek 5 
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Figure 2.9 Microtextures of quartz grains from Kampong Chhnang Province. 
Kampong Chhnang 1: smooth surface gain (left) arcuate steps and cured 
grooves features, and on the right grain showing upturned plates and silica 
dissolution pits; Kampong Chhnang 3: mechanical V-shape pits and 
solution pits on both grains; Kampong Chhnang 4: curved groove (right), 








Kampong Chhnang 1 
Kampong Chhnang 3 
Kampong Chhnang 4 
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2.4 DISCUSSION 
2.4.1 Characterising sand profiles 
Following the approach of Newsome (2000), several methods were used to 
characterize the profiles examined in the present study to draw conclusions about the 
likely origin and factors affecting properties of acid sands of south-eastern Cambodia. 
In the first part of the discussion, the findings from approaches will be considered 
separately. In the latter part of the discussion, multiple lines of evidence will be used 
to discuss possible origins of the sands. 
2.4.1.1 Soil types 
All but two of the profiles selected had sand texture in the surface horizon 
and hence were assigned to the Prey Khmer, Prateah Lang, and Orung Soil Groups 
(White et al. 1997).  Only the Tramkak 3 profile had loam surface texture. Fourteen of 
the 19 profiles were assigned to the Prey Khmer Soil Group since the depth to loam or 
clay texture exceeded 50 cm depth. The Prey Khmer soils have marginal suitability for 
rice production due to limited water holding capacity (White et al. 1997). Indeed 
nearly half of the sites selected in the resent study were also unsuited hydrologically 
to rice production because they occur on uplands with limited potential for flood water 
retention. Only 11 profiles, particularly those associated with the Prateah Lang and 
Bakan Soil Groups, were described in padi fields. Caution should be exercised with 
assigning CASC Soil Group names to upland soils since it was not designed for upland 
crops and soils and for that reason diagnostic criteria for classifying rice soils are 
focused on the upper 20 cm layer of the soil which is most relevant to wetland rice 
production (White et al. 1997). Based on the WRB, 13 out of the 19 profiles have low 
enough clay (< 18 %) in the surface 1 m depth to qualify as Arenosols which comprise 
only 1.6 % of the land area of Cambodia (MRC 2002). For example, all Kampong 
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Chhnang profiles contained 11 % or less sand in the upper 1 m of the profile. The 
Ponhea Krek 5, Tramkak 1 and Kampong Chhnang 3 profiles contained 2 % or less 
clay in all horizons to 1 m depth. Five of the remaining profiles with sand over clay in 
the profile are more related to about 50 % of Cambodian land occupied by Acrisols 
(MRC 2002). 
2.4.1.2 Sand and particle size distribution 
Sand size fractions distinguished between the profiles in each study area.  
None of the profiles apart from those at Kampong Chhnang contained significant sand 
in the 600-2000 µm size range. In most of the Ponhea Krek profiles, coarse sand was 
barely detectable while in other profiles it comprised only 1-7 %. Hence, the influence 
of the coarse-grained granite on the sand size distribution of the Kampong Chhnang 
profiles is quite distinctive.  In the case of the Ponhea Krek profiles, the presumed 
parent material is old alluvium (Workman 1972) which apparently was highly depleted 
in the coarse sand fraction. 
Only the Kampot 4 profile, which occurred closer to the ocean than any other 
profile, contained sand in the 200-600 µm size range as the dominant fraction. In all 
remaining profiles, except Ponhea Krek 2-5, that fraction mostly comprised 20-34 %. 
The low % of 200-600 µm sand in Ponhea Krek 2-5 profiles is consistent with the old 
alluvial origin of the parent material. These profiles also contained higher % of very 
fine sand in the 20-63 µm range than any other profiles while Ponhea Krek contained 
18-31 % silt (2-20 µm), much higher than any other profile. By contrast with the other 
Ponhea Krek profiles, Ponhea Krek 1 comprised 24-32 % sand in the 200-600 µm size 
range and hence this higher elevation profile in Ponhea Krek (36 vs 10-22 m asl) 
appears to have a different parent material textural composition.  It also had 20-26 % 
clay in horizons below 15 cm depth.  Low levels (4-22 %) of soil mass in the 200-600 
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µm sand class in Tramkak 3 and 4 profiles coincide with highest subsoil clay content 
in these profiles and these were also the profiles with a uniformly high silt content (19-
37 %) throughout the profile and lowest elevation with the Tramkak transect. 
A distinctive feature of the 19 sand profiles examined was the great diversity in particle 
size distribution among profiles. The distinction between the coarse to medium sands 
of Kampong Chhnang, derived from granite, and the fine sands of the other areas will 
have significant implications for water retention and leaching as well as the risk of 
wind erosion. Among the sand profiles derived from sandstone or quartzite, the clay 
percent in the surface horizon (~ 20 cm depth) was 2-9 % while the silt variation was 
2-22 %. However, even relatively small differences in clay percent are likely to have 
a large bearing on water retention and infiltration rates in deep sand profiles (e.g. Bell 
et al. 2015). Given that upland crops in Cambodia are mostly rainfed, and crop yields 
are quite sensitive to drought periods (see Chapter 6 for examples with mung bean), 
more investigations are needed into the water holding characteristics of sands varying 
in clay content, as well as the variations in plant-available water stored in the root zone 
due differences in clay content of the subsoil. Crop yield in rainfed environments is 
very responsive to plant available water:  in rainfed wheat crops in southern Australia 
for example, water limited yield potential increased by 20 kg/ mm of water available 
(Sadras et al. 2019).  
Of the sand profiles, 11 had uniformly low clay (< 10 %) to about 150 cm in 
the profile.  These soils were classified as Prey Khmer Soil Group. Crop performance 
under rainfed conditions on such profiles is likely to be limited by soil water storage. 
While sandy texture alone limits soil water storage, the depth of root penetration also 
needs to be considered since both soil compaction (Bruand et al. 2004) and subsoil Al 
toxicity (Wong and Asseng 2007) may limit root access to subsoil stored water. Eight 
67 
of the 19 sand profiles exhibit a substantial increase in clay with depth, mostly below 
20 -100 cm. The increased clay will have implications for profile water storage which 
would be important for rainfed crop productivity under variable rainfall distribution. 
There may also be increased nutrient retention in the deeper clay layers, which could 
be significant for crop nutrient uptake, especially later in the season (e.g. Scanlan et 
al. 2015). However, in profiles where the clay layer is too deep or where root growth 
is restricted from accessing this depth due to soil physical or chemical constraints the 
increase in subsoil clay may have little practical relevance for crop growth (Wong and 
Asseng 2007). The edaphic properties of the sand profiles are considered in more depth 
in Chapter 3. 
High coarse sand content and sharp increase of clay from < 13 % to > 23 % 
at 86 to 185 cm depth at all sites in Kampong Chhnang may indicate that clay 
translocation is a significant pedogenic process in this area.  On the other hand, the 
high clay may be a product of weathering which initially produces kaolin from 
feldspars in the granite, since the XRD results show a high abundance of kaolin in the 
base of the Kampong Chhnang profiles and a significant increase in abundance with 
depth. 
By contrast, in Kampot where sandstone is the major parent rock, the increase 
in clay was less pronounced with depth in profiles. Since sandstone usually lacks 
primary minerals apart from quartz, weathering does not produce clays to the same 
extent as in granite. In Ponhea Krek, the variation in clay was substantial among 
profiles in addition to that down the profile.  This may reflect the alluvial origin and 
vertical heterogeneity of the parent material at Ponhea Krek as well as in situ 
weathering. 
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2.4.1.3 Sand grain shape and surface microtexture 
The sand grains from Kampong Chhnang were expected to have a lower 
prevalence of breakage and transport-related surface microtextures since unlike the 
sand grains at other sites they were derived from weathered granite rather than pre-
weathered sediments (David and John 1973). That was not clearly evident in the 
results. Conchoidal fractures which are associated with unweathered quartz grains 
(David and John 1973) were least prevalent in Kampong Chhnang profiles. Kampong 
Chhnang sand grains also had a lower proportion of mechanical v-shaped grooves than 
sand from the other study areas but a higher proportion of curved grooves. However, 
in transport-related surface textures, the Kampong Chhnang sands did not stand alone 
from other study areas. Nevertheless, the transport-related micotextures, mechanical 
V-shaped pits and upturned plates (David and John 1973), both increased from 
Kampong Chhnang 1, which was closest to the mountain, to Kampong Chhnang 3 and 
4, which were most remote and therefore more likely to have been transported.  
Sand grains of Kampot 4 had higher frequencies of rounded outline, straight 
steps, curved grooved, limited silica precipitation and solution pits and a lower 
proportion of straight grooves, upturned plates and adhering particles. This suggests 
greater breakage of sand grains but less transport-related and chemical features. The 
features of the sand grains of Kampot 4 were not those associated with marine 
deposition (David and John 1973). 
2.4.1.4 Mineralogy 
Since the powder fraction of B horizon samples were used for XRD analysis, 
quartz was the dominant mineral in all profiles (Table 2.6). Kaolin was the dominant 
aluminosilicate mineral as is commonly in highly weathered sandy terrain 
(Kheoruenromne et al. 1998; Newsome 2000). At the base of the profile, goethite had 
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similar or greater abundance in seven of the profiles. Kaolin tended to increase in 
abundance with depth from the top of the B horizon to the base of the profile. Clay 
also increased through this section of the profile (Tables 2.2 and 2.5). Goethite was 
mostly identified in the base of the profiles where ferruginous or iron-manganese hard 
segregations were also present. Haematite occurred deep in five profiles but was most 
prevalent in Kampot 4 profile, which was also the most distinctively red coloured 
profile in the study (Table 2.3). Feldspar occurred in two of the Kampong Chhnang 
profiles which is consistent with the granitic geology of the location, but there is no 
clear explanation for the occurrence of traces of feldspar in Kampot 1 and 4, Tramkak 
3 and Ponhea Krek 3. Similarly, there is no obvious explanation for the occurrence of 
anatase in Tramkak 3 and Kampot 3 only. Apart from the feldspar in two Kampong 
Chhnang profiles, the remaining mineralogy of kaolin, goethite and maematite 
suggests that the sand profiles are strongly weathered (Newsome 2000). 
2.4.1.5 Chemical properties 
Profiles were all low in pH with not much variation among profiles or with 
depth in the profile. The consistently low pH of the profiles is likely associated with 
long term acidification processes under the monsoonal rainfall and the weak pH 
buffering of sands with low organic matter (Conyers et al. 1995). Exposure of pyrite 
in coastal sands that were inundated by seawater in the Holocene may be another cause 
of acidity (Shamsuddin 2017), but probably limited to the Kampot 4 profile only due 
to the inland location and elevation of the remaining sites (above the level of the last 
marine incursion). Tramkak 4 had higher pH than other profiles in Tramkak as did 
Ponhea Krek 5 relative to other Ponhea Krek profiles. While there was a substantial 
increase in pH towards the base of the profile in Tramkak 5, none of the Tramkak 
profile had alkaline pH, in contrast to previous reports for some profiles of Prateah 
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Lang soil in Tramkak (Hin et al. 2006). Seng et al. (2007) speculated that alkaline 
subsoil in Prateah Lang soils may be relic property from the last marine incursion that 
resulted in a 5 m rise in sea levels 4,200 years ago (Sathiamurthy and Voris 2006). 
However, Tramkak 5 profile would have been well above the direct influence of sea 
water during the incursion. While EC increased along with pH at the base of Tramkak 
5, the values were very low and indicated minimal levels of soluble salts. 
Oxalate extractable Al was relatively low in profiles and did not explain any 
key differences among profiles within or among study areas. Generally, oxalate-
extractable Fe was low also.  The higher extractable Fe in Kampot 4 was consistent 
with mineralogy that identified haematite in this profile and its reddish colour which 
distinguished it from other profiles in Kampot and elsewhere. 
2.4.2 Origin of sand  
Based on the above discussion, it seems that geology will have the major 
effect on properties of the sand profiles in the four study areas in South-Eastern 
Cambodia due to in situ weathering. In addition, there is some evidence of colluvial 
redistribution of sand grains that can explain variations in particle size distribution. 
2.4.2.1 Geology and parent material 
Given the prevalence of sandstones in South-Eastern Cambodia (Workman 
1972), this rock type was predicted to be the primary source of sands in many of the 
profiles assessed in Kampot and Tramkak. Indeed sandstone outcrop was observed 
upslope of both toposequences studies. By contrast, coarse-grained granite outcrop 
was observed close to the highest elevation site in Kampong Chhnang which is in the 
foothills of the Oral Mountains. Granite is also common especially in the Kampot fold 
belt of south-east Cambodia, and it too will contribute sand following weathering but 
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did not directly influence any of the profiles studied here. Over geological time, sand 
has been re-distributed and forms a major component of the Pleistocene 
colluvium/alluvium that is also prevalent in the lowland landscape of Cambodia 
(White et al. 1997). Collectively these geological sources could account for the origin 
of sands in most of the sand profiles studied in south-eastern Cambodia. 
The similarity in particle size distributions between three profiles in Kampot 
(Kampot 1, 2 and 3) could be explained by their location in the foothills and terrace 
areas at the base of the Bokor mountains. Workman (1972) reported that rocks of the 
Bokor Mountain are sandstone and this was confirmed by visual observations of 
outcrop near Kampot 1 (see also photographs in Appendix 1) as well as on the peak of 
the mountain (Amir Farhand, personal communication).  
The considerable similarity in particle size distributions between three 
profiles in Kampot (Kampot 1, 2 and 3) could be explained by a common parent rock, 
given their location in the upland areas at or close to the base of mountains. Fine sand 
was the predominant sand fraction in these three profiles and this too is consistent with 
the texture of the fine sandstone outcrop near Kampot 1 profile. Further confirmation 
of this conclusion would require drilling of core to bedrock at the profile sites, and 
additional profile sampling to bedrock further upslope of Kampot 1. The deep sand 
profiles that formed in situ on sandstone in the Victoria Plateau also were dominated 
by sand grains in the fine and medium grain sized (Newsome 2000).  
The Kampot profiles 1-3 were also similar in particle size distribution to 
Tramkak 1-3. The Tramkak profiles are located at the base of Damrei Romeal 
Mountain which is mapped as predominantly quartzite (MRC 2002). However, I 
observed sandstone on the lower eastern slopes of Damrei Romneal Mountain, upslope 
of the Tramkak 1 profiles. Soil derived from weathering products of quartzite can 
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contain a high coarse sand fraction but this is not a case for the profiles in Tramkak 
(Earle 2015). Further investigation may be needed to verify the dominant geology of 
the eastern slopes of the Damrei Romeal Mountain to establish the relative proportions 
of sandstone and quartzite in the rock that is the probable source for sands described 
in profiles Tramkak 1-3. As discussed above there would be merit in drilling of cores 
to bedrock at the profile sites of Tramkak 1 and 2, and additional profile sampling to 
bedrock further upslope of Tramkak 1 of the slopes of Damrei Romeal Mountain. 
Coarse-rained granite rocks of Oral Mountain located in the west of Kampong 
Chhnang Province and additional hilly outcrops in the province (Workman, 1972) 
probably have a strong influence on development of sandy soils in this area. The 
greater abundance of coarse sand fractions at all five sites in this area (Kampong 
Chhnang 1, 2, 3, 4, and 5) is consistent with the granitic influence on soil parent 
materials. The granites observed at Kampong Chhnang were coarse grained as were 
the soils derived from granite. The rice soils mapped for this area also belong to the 
coarse sandy phase of the Prey Khmer Soil Group (Oberthur et al. 2000b), as were the 
five profiles described in the present study. Hence, there appears to be a clear textural 
distinction between the sands derived from coarse-grained granite of the Oral 
Mountain and the more prevalent sands derived from sandstone in south-east 
Cambodia. However, granite outcrop is quite common elsewhere in Cambodia, in 
particular in the South-east Kampot fold belt (Workman 1972). Weathered granites 
may contribute to the sands found elsewhere in soils of South-East Cambodia 
especially in proximity to rock outcrops, although these granite outcrops will not 
necessarily have the same coarse texture as in the Oral Mountains. 
Variation in sedimentary rock composition, as well as in granite, needs to be 
accounted for in understanding the range of variation in sand profiles in Cambodia. In 
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Kong Pisei district, immediately north of Tramkak district, the Phnum S’Rang 
mountains are sedimentary in origin but comprise a mix of marl, shale and siltstone 
with sandstone (Hin et al. 2007a). Elsewhere among sandstone outcrops in Cambodia, 
microbreccia and breccia have been identified (Amir Farhand, personal 
communication). Hence there are likely to be variations in sand profiles depending on 
local variations in sandstone composition and mixes of related sediments. Newsome 
(2000) showed that variations among sand profiles in the proportions of fine versus 
medium grain size was related to the grain size composition of the underlying 
sandstones. 
2.4.2.2 Colluviation 
Increasing proportions of fine sands (sorting) were evident in the particle size 
distributions along the soil toposequences in Kampot suggesting colluvial transport 
processes may influence particle size distribution of sands depending on distance from 
an outcrop source of sands. Earlier authors emphasised the role of colluvial/ alluvial 
processes during the Pleistocene in the formation of old terraces on which much of the 
wetland rice of Cambodia is grown (White et al. 1997). The profiles described in the 
lower elevations of the Tramkak (Tramkak 3-5) and the Ponhea Krek transects (Ponhea 
Krek 2-5) broadly correspond to the Pleistocene terrace and also were the sites where 
wetland rice was the main land use. The Kampot 1 profile, closest to the base of the 
sandstone Bokor mountain, and close to sandstone outcrop, had the greatest abundance 
of 200-600 µm particles, and a reduced abundance in the 20-63 µm size range relative 
to the levels in Kampot 2 and 3. By contrast, Kampot 3 had a higher abundance of silt 
and clay below 1 m depth than Kampot 1. There were more angular grains in Kampot 
1 than in Kampot 3 which would generally indicate shorter range transport 
(Armstrong-Altrin and Natalhy-Pineda 2014). For example, Kampot 1 had 15 % 
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angular sand grains whilst the remaining Kampot sands had none. Nevertheless, 75 % 
of sands grains were poorly to moderately spherical and 85-95 % were sub-angular to 
sub-rounded and 90 % of the sand grains had an angular outline. Comparing with 
remaining sites in Kampot area, quartz grains of Kampot 1 had none or low frequencies 
of transported features, such as edge abrasion (0 %), meandering ridges (0%), striations 
(15 %), curved grooved (20 %), but higher frequencies of straight grooves (35 %), 
mechanical V-shaped pits (55 %), whereas at Kampot 2, the frequency of these feature 
were 20, 10, 35, 55, 55, and 70 %, respectively. Hence, the microtexture features suggest 
increased transportation of the sand grains at Kampot 2 which is consistent with its 
greater distance from the sandstone source rock observed near Kampot 1. 
The shifts in particle size distribution, the grain shape and microtexture 
collectively indicate a colluvial transport influence on sands in this coastal zone of 
Kampot but no long range or high energy transport of the sands grains.  However, 
these conclusions could be further strengthened by analysis of the sand grains in the 
underlying sandstone bedrock, especially those from sites close to the Bokor mountain. 
In Tramkak also, the transect between Tramkak 1, closest to the mountain, and 
Tramkak 3 on the plain suggested sorting of particle size.  There was a greater 
abundance of 63-200 and 200-600 µm in Tramkak 1 than Tramkak 3 and conversely 
Tramkak 3 had a higher abundance of clay and silt fractions. By contrast, the was no 
clear association between texture and elevation in Ponhea Krek where the parent 
material is old alluvium (Workman 1972) rather than sandstone or granite. At 
Kampong Chhnang where granite is the parent material, the increase in mechanical v-
shaped pits and upturned plates in Kampong 3 and 4 compared to Kampong Chhnang 
1 is consistent with greater colluvial transport (David and John 1973). 
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2.4.2.3 Coastal influences 
Particle size distribution of Kampot 4 was distinctly different from the other 
three profiles in the coastal area of Kampot province indicating a different source of 
sand parent materials. In particular, there was a lower abundance in 20-63, 63-200 µm 
and higher proportion of 200-600 µm sand grains in Kampot 4. Based on their 
proximity to the base of Bokor mountain, Kampot 1, 2 and 3 most likely formed under 
in situ weathering with additional colluvial re-distribution of sediments, derived from 
the weathering and erosional products of the Mesozoic sandstone. By contrast, Kampot 
4, located close to the beach with low elevation (10 m asl), may have been formed 
under marine influences or from marine sediments. Given that there is a higher 
abundance of heavier sand grains in Kampot 4, it unlikely that this arose from colluvial 
processes. It is possible given its location that wave action may explain the medium 
sized grains (Shamsuddin 2017). An aeolian origin is not likely for Kampot 4 
otherwise there should have been a greater predominance of fine sand due to the 
selective transport of fine sand by saltation processes. Hence the Kampot 4 profile may 
have different parent material to the other Kampot profiles. The total mineral content 
was only determined for Kampot 3 so there was no test of whether the sand grains in 
Kampot 4 had a different chemical composition.  
The sands in Kampot 4 comprised 5 % round grains while other Kampot 
profiles had zero round grains, but otherwise there was limited difference in roundness 
or sphericity. Hence there is limited evidence based on greater roundness or sphericity 
that Kampot 4 sands have undergone substantially more transport than the other sands 
in Kampot. 
There were specific differences in micro-texture features on sand grains from 
Kampot 4 compared to Kampot 1 and 2: less evidence of silica deposition, less 
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adhering particles and more rounded outlines.  There was a small increase in frequency 
of straight steps and arcuate steps on sands grains of Kampot 4, both features 
associated with breakage of quartz grains which is more common in transported grains 
(Helland et al. 1997). These microtexture features could be associated with wave 
action to transport beach sands. Other microtexture features associated with breakages 
and transportation were similar in Kampot 4 to other Kampot sands.  
By contrast with the Kampot 1-3 profiles that had predominantly grey 
colours, the Kampot 4 profile had reddish brown colour in the A horizon and dark red 
below 145 cm depth (Appendix 2.1). Moreover, the XRD analysis of Kampot 4 for 
samples collected near the base of the profile indicated moderate goethite level, more 
than any other profile, and a little hematite whereas the other profiles had none. 
However, since profiles did not reach the underlying bedrock, it is not clear if this 
reflects the mineralogy of the sand parent material, the weathering environment or 
possibly Fe oxide enrichment by precipitates formed from Fe-rich groundwater.  
Finally, the segregations in Kampot 4 at 150 cm depth were described as iron-
manganese in appearance unlike those in Kampot 2 and Kampot 3 which were iron 
rich in appearance. 
The last major sea level rise in the Mekong delta (4,200 years ago) was about 
5 m higher relative to current sea level (Sathiamurthy and Voris 2006). Hence it is 
unlikely that Kampot sites were inundated by sea water. Nevertheless, a seawater 
influence may explain the greater abundance of limited silica precipitation on sand 
grains in Kampot 2 and Kampot 4 than Kampot 1, but none of the other chemical 
microtexture features showed a consistent or substantial difference between the sites that 
might have been explained by a sea water weathering of the sand grains. However, 
Carbonnel (1972) reported that a marine terrace at 10-15 m above the present sea level 
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occurred along coastal Cambodia and he dated this as Quaternary. Evidence of this 
terrace was observed by the author west of the Kampot transect near Kampong Som. 
Hence it is possible that the distinctive particle size distribution and Fe mineralogy of 
Kampot 4 may represent a relict marine terrace. However, reworking of this material 
may have caused mixing with sand grains of inland land surfaces (e.g. Kampot 2 and 
Kampot 3 profiles), both of which have present day elevations at or below 15 m above 
sea level. Further clarity about the origin of the sands at Kampot 4 could be obtained 
from coring to bedrock or some other diagnostic layer. Shamsuddin (2017) points out 
that large areas of coastal, peninsular Malaysia, on the opposite side of the Gulf of 
Thailand to Kampot were inundated by seawater during the last marine incursion and 
this let pyrite minerals at about 3 m above sea level. Subsequent falls in sea level have 
oxidized pyrite and can explain the acidity of these sand profiles.  Hence, there may be 
a pyrite connection to the low pH found in the Kampot 4 profile. Further investigation 
of Kampot 4, and other coastal sands in Cambodia for pyrite would be worthwhile. 
2.5 CONCLUSION 
The sand profiles sampled along transects in four study areas of south-eastern 
Cambodia showed the dominant influence of different parent materials and to lesser 
extent of colluvial transport on properties of the sand profiles. This suggests that in 
situ weathering accounts for many of the characteristics of the profiles, particularly 
those related to particle size distribution. There was no evidence of long range 
transport of the sand grains or of aeolian processes in re-working of the sands. 
Evidence for a marine influence was limited to Kampot 4, but not definitive.  The 
following Chapter focuses on the chemical and physical edaphic properties of the sand 




The key pedological properties of sands from four study areas were examined 
in Chapter 2. In this Chapter, the emphasis is on edaphic properties. Sands commonly 
suffer from multiple disorders including acidity and deficiencies of many nutrients 
including micronutrients (Bell et al. 2015). Earlier studies indicated that Mn and Al 
toxicity were likely on sands in south-eastern Cambodia (Seng et al. 2009). However, 
the nature and severity of the acidity limitation may vary among soils.  Similarly, the 
specific combinations of nutrient deficiencies likely to limit crop growth on sands of 
south-eastern Cambodia have not been defined. 
In Chapter 2, 19 profiles of sands were examined from the four study areas in 
south-eastern Cambodia. They vary in parent material and in elevation and distance 
relative to the outcropping bedrock. The implications of these variations in texture and 
nutrient status in sand profiles are important for agriculture on the sands of south-
eastern Cambodia.  The aim of the present investigation was to interpret soil analysis 
to identify the main limiting soil chemical properties on 19 sand profiles from south-
eastern Cambodia and relate these to the texture and profile properties outlined in 
Chapter 2. 
3.2 MATERIALS AND METHODS 
3.2.1 Sample collection 
The samples collected and methods of sample collection were described in 
Chapter 2. 
CHAPTER 3.  CHARACTERIZING PHYSICAL AND 
CHEMICAL PROPERTIES TO IDENTIFY SIMILARITIES AND 
DIFFERENCES OF ACID SANDS OF SOUTH-EASTERN 
CAMBODIA 
79 
3.2.2 Soil texture analysis 
Laboratory measurement of the particle size distribution of soil was made on 
50 g air-dry samples using sieving and the sedimentation method (Bowman and Hutka 
2002). The samples were pre-treated with hydrogen peroxide to remove organic 
matter. Particle-size data were classified according to the conventional size intervals 
of the International Union of Soil Science (coarse sand 2000-200 µm, fine sand 200-
20 µm, silt 20-2 µm, clay <2 µm). 
3.2.3 Soil chemical analysis 
Soil pH was measured in a 1:5 ratio of soil to 0.01M CaCl2 suspension. 
Determination of exchangeable basic cations and Al and CEC was made using ICP-
AES. Soil extracts for measuring basic cations (Ca2+, Mg2+, Na+, K+), Al3+ and Ag+  
were obtained by shaking end-over-end 1 g of air-dried soil with 50 ml of 0.01 M 
(AgTU)+ at 25oC for 16 hours and then centrifuging to obtain a clear supernatant 
(Rayment and Higginson 1992).  A complete nutrient analysis (NH4-N, NO3-N, S,  C, 
DTPA-Co, DTPA-Fe, DTPA-Mn, DTPA-Zn, B, Olsen-P, P Retention Index, Total N, 
Total P, Total K, Mo) of the surface layer of eight profiles was undertaken at the CSBP 
Laboratory, Western Australia using the methods of Rayment and Higginson (1992).   
3.3 RESULTS 
3.3.1 Soil texture 
 Fine and coarse sands were the prominent fractions at all study sites but their 
abundance within the profile decreased with depth, except at Kampot 1 and Kampot 2 
(Table 3.1). High content (mostly >60 %) of coarse sand fractions was found at all 
sites in Kampong Chhnang Province and one site close to the beach (Kampot 4) in 
Kampot District (79.8 %).  The lowest coarse sand content (mostly below 10 %) was 
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found at sites in Ponhea Krek District, except for Ponhea Krek 1, located in the upland 
area, at an higher elevation. At remaining sites, fine sand was the major size fraction 
(mostly >40 %). Fine sand content generally decreased with the depth of the profiles, 
except in Kampot 1. 
Low silt content (mostly below 10 %) was found at all sites in Kampot and 
Kampong Chhnang and at sites located at higher elevation in Tramkak (Tramkak 1, 2, 
5) and Ponhea Krek (Ponhea Krek 1, 2, 5). High silt content was found at only two 
sites in Tramkak (Tramkak 3 and 4) and one in Ponhea Krek (Ponhea Krek 4), ranging 
between 18.4 and 36.5 %. At Ponhea Krek 5, the silt fractions considerably increased 
from 2.5 % in the topsoil to 13.7 % at 210-250 cm depth. Slight down-profile increase 
of the silt fraction was seen also at most of remaining sites, except Kampot 1, Tramkak 
2 and Kampong Chhnang 5. 
Clay factions were generally low in upper layers and higher in lower layers 
of profiles at all study sites. Low clay contents ranging between 0.6 and 5 %, were 
found at top (first) and middle (up to about 100 cm depth) layers of more than a half 
of the sites. Clay content in upper layers of all sites in Kampong Chhnang Province 
was generally lower than the sites in other areas but substantially increased to > 40 % 
below 150 cm.   Distinctive, high contents of clay were shown at the base of Kampong 
Chhnang 1(54.5 %), Kampong Chhnang 2 (43.2 %) and Ponhea Krek 5 (41.5 %). In 
the whole profile of Tramkak 3 and Ponhea Krek 1, clay content was relatively high 
(8.8 – 26.0 %). 
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Table 3.1 Soil particle size distribution by depth of 19 profiles in four study areas, 
Kampot, Tramkak, Ponhea Krek and Kampong Chhnang. 
Site Site location 
Depth (cm) 
  
Particle size distribution (A) (%) 
Clay Silt         Fine sand  Coarse sand  
Kampot 1 N: 1168981, 
E: 393885, 
19 m asl* 
0-18 5.1 5.7 56.0 33.2 
18-50 8.4 4.8 51.1 35.7 
50-90 7.1 4.1 52.6 36.2 
90-130 5.6 3.9 52.5 37.9 
130-158 9.8 3.6 49.9 36.6 
158-220 14.4 3.0 43.4 39.1 
220-270 11.9 3.8 46.6 37.6 
Kampot 2 N: 1167649, 
E: 404320, 
15 m asl* 
0-20 2.0 5.7 65.4 26.8 
20-45 1.8 7.4 60.3 30.5 
45-65 4.9 6.9 57.0 31.1 
65-95 6.2 6.2 57.4 30.1 
95-160 9.8 7.9 53.4 28.9 
160-190 21.9 7.5 43.0 27.6 
190-220 22.6 8.7 44.2 24.5 
220-250 27.2 9.0 41.1 22.8 
Kampot 3 N: 1168573 
E: 394104, 
08 m asl* 
0-13 4.8 8.6 61.6 24.9 
13-30 5.2 7.7 59.9 27.3 
30-48 8.0 7.4 57.6 27.0 
48-80 15.6 8.1 50.9 25.4 
80-120 20.1 10.0 46.2 23.8 
120-170 19.6 11.0 40.6 28.7 
170-235 25.5 15.5 39.8 19.2 
Kampot 4 N: 1166086, 
E: 396319, 
10 m asl* 
0-20 4.1 1.6 14.6 79.8 
20-57 2.3 0.9 9.4 87.4 
57-80 1.6 0.4 10.9 87.1 
80-105 1.9 0.4 11.9 85.8 
105-145 10.7 1.6 16.0 71.7 
145-175 18.6 2.8 22.0 56.6 
175-240 21.9 3.4 24.0 50.6 
Tramkak 1 N: 1214584, 
E: 451562, 
55 m asl* 
0-18 2.2 4.6 59.8 33.4 
18-55 0.9 3.6 60.1 35.5 
55-91 0.8 7.1 56.8 35.3 
91-160 1.2 6.7 55.6 36.6 
160-190 2.0 8.5 56.7 32.8 
190-225 11.2 9.2 47.2 32.4 
225-250 20.4 8.2 41.8 29.7 
Tramkak 2 N: 1215013, 
E: 454435, 
32 m asl* 
0-22 8.4 11.4 55.8 24.4 
22-43 7.9 8.0 54.0 30.0 
43-65 7.4 7.0 55.3 30.3 
65-110 5.2 4.2 57.9 32.7 
110-135 6.6 9.4 52.8 31.2 
135-180 20.6 12.0 41.0 26.4 
180-200 14.6 8.9 38.2 38.3 
Tramkak 3 N: 1214958, 
E: 458673, 
17 m asl* 
0-22 9.3 22.1 49.8 18.8 
22-39 13.7 25.1 42.5 18.8 
39-60 19.0 27.0 31.2 22.8 
60-110 42.6 36.5 16.7 4.2 
110-155 33.0 25.5 26.6 14.9 
155-190 28.3 19.2 36.1 16.4 
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Depth (cm)  Particle size distribution 
(A) (%) 
Clay Silt         Fine sand  Coarse sand  
Tramkak 4 N: 1213007, 
E: 464503, 
10 m asl* 
0-12 6.0 19.8 52.2 22.0 
12-25 7.9 22.7 42.4 27.0 
25-50 22.1 34.0 27.5 16.4 
50-95 36.0 22.8 24.2 17.0 
95-140 28.4 33.1 27.7 10.8 
140-190 36.6 21.6 28.0 13.8 
Tramkak 5 N: 1213435, 
E: 465881, 
18 m asl* 
0-21 2.4 5.0 66.3 26.3 
21-52 2.1 4.0 67.5 26.5 
52-94 2.5 4.6 69.1 23.8 
94-115 0.6 7.4 70.7 21.2 
115-130 8.6 6.8 63.5 21.1 
130-165 10.8 7.9 63.1 18.1 
165-210 15.8 10.3 59.2 14.7 
210- 250 13.9 8.5 50.7 27.0 
Ponhea Krek 1 N: 1314599, 
E: 591781, 
36 asl 
0-15 8.8 3.2 52.6 35.3 
15-40 19.5 4.3 43.1 33.1 
40-72 22.2 5.1 42.6 30.1 
72-115 22.6 5.6 40.0 31.9 
115-170 24.9 6.3 39.1 29.7 
170-220 24.9 6.2 36.9 31.9 
220-250 26.0 6.0 36.9 31.2 
Ponhea Krek 2 N: 130598, E: 
585304, 22 
asl 
0-15 3.8 6.2 81.2 8.8 
15-36 1.8 4.0 83.4 10.8 
36-54 0.7 4.0 85.2 10.1 
54-98 0.8 4.4 85.6 9.2 
98-130 5.5 7.3 79.4 7.8 
130-170 7.1 7.4 78.6 6.9 
170-220 7.1 8.3 75.8 8.8 
Ponhea Krek 3 N: 1297946, 
E: 585779, 
17 asl 
0-18 3.2 7.4 82.5 6.9 
18-45 1.9 7.9 82.3 8.0 
45-74 2.6 9.2 81.1 7.1 
74-94 3.7 11.4 78.6 6.3 
94-140 13.0 11.3 70.7 5.0 
140-185 11.9 15.0 67.5 5.6 
185-210 19.6 13.5 62.0 4.8 
210-240 21.1 13.1 60.6 5.2 
Ponhea Krek 4 N: 1291336, 
E: 582886, 
10 asl 
0-13 5.3 20.6 62.8 11.2 
13-30 7.2 24.7 56.8 11.4 
30-50 12.0 30.4 48.2 9.5 
50-85 14.5 31.3 46.0 8.2 
85-140 20.3 24.3 46.4 8.9 
140-170 20.3 18.4 38.1 23.2 
Ponhea Krek 5 N: 1299062, 
E: 578138, 
18 m  asl 
0-19 1.3 2.5 91.9 4.2 
19-44 1.5 3.0 91.0 4.4 
44-78 1.0 3.0 91.0 5.0 
78-103 0.8 5.7 88.2 5.3 
103-130 5.0 8.4 82.2 4.5 
130-148 6.3 8.9 80.3 4.6 
148-180 18.0 11.4 66.4 4.2 
180-210 29.4 11.9 55.0 3.6 
  210-250 41.5 13.7 43.3 1.6 
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Depth (cm)  Particle size distribution
 (A) (%) 
Clay Silt         Fine sand  Coarse sand  
Kampong Chhnang 1 N: 1319465, 
E: 426532, 
117 m asl* 
0-10 2.7 5.8 37.1 54.3 
10-22 2.8 4.6 36.0 56.6 
22-40 4.6 3.9 35.1 56.4 
40-69 7.8 3.6 33.3 55.3 
69-86 11.0 5.1 31.1 52.7 
86-120 26.2 4.2 24.1 45.5 
120-175 34.6 3.4 17.6 44.4 
175-220 53.9 3.6 14.1 28.4 
220-250 54.5 4.7 12.3 28.5 
Kampong Chhnang 2 N: 1331363, 
E: 443059, 
57 m asl* 
0-16 1.7 2.1 35.0 61.2 
16-36 1.2 1.2 34.7 62.8 
36-71 1.3 1.6 38.9 58.2 
71-110 5.4 2.6 24.8 67.2 
110-150 6.3 3.1 17.2 73.5 
150-180 40.4 4.5 14.0 41.0 
180-240 43.2 4.6 11.5 40.6 
Kampong Chhnang 3 N: 1332500, 
E: 459982, 
33 m asl* 
0-18 2.0 2.0 31.3 64.8 
18-40 2.3 1.1 28.8 67.8 
40-77 1.8 1.4 33.8 63.0 
77-112 0.9 2.4 40.5 56.2 
112-145 8.3 8.2 36.6 46.9 
145-182 29.2 5.1 27.3 38.4 
182-235 33.0 5.4 24.9 36.7 
Kampong Chhnang 4 N: 1336103, 
E: 470581, 
15 m asl* 
0-15 1.6 2.6 28.7 67.1 
15-34 1.7 2.3 28.8 67.3 
34-62 1.0 2.0 34.3 62.7 
62-93 3.5 3.8 32.5 60.2 
93-127 7.2 3.1 24.2 65.5 
127-155 12.5 6.1 18.9 62.5 
155-197 30.4 4.4 15.6 49.6 
197-250 35.8 5.0 15.8 43.3 
Kampong Chhnang 5 N: 1343806, 
E: 466225, 
42 m asl* 
0-25 5.3 3.8 29.2 61.7 
25-54 6.7 3.3 24.0 66.0 
54-82 4.7 2.8 28.9 63.7 
82-99 3.1 3.7 32.6 60.6 
99-143 2.3 3.1 30.1 64.5 
143-185 6.0 5.8 26.5 61.7 
185-220 23.3 3.5 15.3 57.9 
220-250 33.5 3.6 18.3 44.6 
(A): Clay: < 2 μm, Silt: 2-20 μm, Fine sand: 20-200 μm, Coarse sand: 200 -2000μm. 
* asl: above sea level. 
3.3.2 Soil chemical properties 
All the EC values were very low, ranging between 0.01 and 0.03 dS/m (Table 
3.2). The soils from all sites were strongly acid. Soil pH values ranged from 3.4 to 4.7. 
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While soil pH values of all sites in Kampot area were below 4, all sites in Kampong 
Chhnang were above 4.  In Tramkak and Ponhea Krek, soil pH values were around 4 
and varied from site to site and generally were lower at sites located in higher elevation 
(upland soil) and higher in the profiles located in the lower elevations of the area. 
Exchangeable cations were low at all sites. Exchangeable Ca was below 
0.25 cmol/kg at most sites in the study areas.  Highest exchangeable Ca was found 
in Tramkak 3 and 4, ranging from 1.02 – 3.34 cmol/kg. Exchangeable K was ≤ 0.04 
cmol/kg at all sites. Exchangeable Mg ranged from 0.15 – 0.39 cmol/kg at Tramkak 
2, 3, 4 and Ponhea Krek 4. At others sites, values were mostly below 0.10 cmol/kg. 
Exchangeable Na mostly ranged between 0.01 and 0.07 cmol/kg. Exchangeable Na 
in the whole profile of Tramkak 3 and 4 was from 0.11 – 0.37 cmol/kg. All sites in 
Kampong Chhnang had lowest exchangeable Na (0.01-0.04 cmol/kg) among the 
study sites. 
Exchangeable Al was variable among the sites and within each site. Whole 
profiles of Kampot 1 and 2, and Ponhea Krek 1 have relatively high exchangeable Al 
ranging between 0.44 and 1.48 cmol/kg. Most of the remaining sites had exchangeable 
Al below 0.15 cmol/kg. High exchangeable Al (0.46 – 1.40 cmol/kg) was found also 
in lower layers (> 40 cm depth) of Kampot 2, Tramkak 2, 4 and 3, Ponhea Krek 4, and 
Kampong Chhnang 1. 
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Table 3.2 Soil electrical conductivity (EC), pH, exchangeable bases and Al and 






















Kampot 1 N: 1168981, 
E: 393885, 
19 m asl 
0-18 0.03 3.4 0.09 0.02 0.06 0.03 0.53 0.72 
18-50 0.02 3.5 0.11 0.01 0.06 0.03 0.78 1.01 
50-90 0.02 3.7 0.09 0.01 0.05 0.06 0.57 0.79 
Kampot 2 N: 1167649, 
E: 404320, 
15 m asl 
0-20 0.02 3.6 0.23 0.02 0.12 0.03 0.20 0.60 
20-45 0.01 3.7 0.13 0.01 0.06 0.04 0.24 0.49 
45-65 0.02 4.0 0.11 0.01 0.05 0.05 0.71 0.93 
Kampot 3 N: 1168573 
E: 394104, 
8 m asl 
0-13 0.03 3.4 0.25 0.04 0.13 0.18 0.86 1.46 
13-30 0.02 3.6 0.19 0.03 0.08 0.07 1.42 1.78 
30-48 0.02 3.9 0.13 0.02 0.06 0.07 1.20 1.49 
48-80 0.02 3.6 0.15 0.02 0.08 0.25 1.48 1.97 
Kampot 4 N: 1166086, 
E: 396319, 
10 m asl 
0-20 0.02 3.6 0.35 0.03 0.15 0.06 0.34 0.93 
20-57 0.01 3.8 0.25 0.01 0.07 0.31 0.13 0.79 
57-80 0.01 4.0 0.17 0.01 0.06 0.06 0.15 0.45 
Tramkak 1 N: 1214584, 
E: 451562, 
55 m asl 
0-18 0.02 3.8 0.24 0.02 0.09 0.02 0.10 0.47 
18-55 0.01 4.0 0.13 0.01 0.06 0.04 0.05 0.29 
55-91 0.01 4.1 0.11 0.01 0.05 0.04 0.04 0.25 
Tramkak 2 N: 1215013, 
E: 454435, 
32 m asl 
0-22 0.02 3.4 0.61 0.03 0.20 0.10 0.41 1.36 
22-43 0.02 4.1 1.01 0.02 0.39 0.07 0.08 1.58 
43-65 0.02 3.8 0.59 0.02 0.26 0.17 0.46 1.51 
Tramkak 3 N: 1214958, 
E: 458673, 
17 m asl 
0-22 0.02 4.2 1.57 0.03 0.35 0.13 0.04 2.12 
22-39 0.02 4.0 1.41 0.02 0.23 0.15 0.24 2.05 
39-60 0.02 3.6 1.06 0.03 0.21 0.18 1.40 2.87 
60-110 0.03 3.3 1.38 0.08 0.39 0.31 5.12 7.27 
Tramkak 4 N: 1213007, 
E: 464503, 
10 m asl 
0-12 0.04 4.7 1.02 0.02 0.12 0.11 0.02 1.29 
12-25 0.02 4.2 2.12 0.02 0.22 0.18 0.01 2.54 
25-50 0.02 4.4 2.54 0.02 0.26 0.26 0.06 3.13 
50-95 0.02 4.1 3.34 0.03 0.19 0.37 0.90 4.84 
Tramkak 5 N: 1213435, 
E: 465881, 
18 m asl 
0-21 0.03 4.0 0.13 0.02 0.07 0.05 0.30 0.56 
21-52 0.01 4.1 0.11 0.01 0.06 0.04 0.23 0.44 






   0-15 0.02 3.9 0.19 0.03 0.08 0.04 0.44 0.77 
15-40 0.03 3.7 0.15 0.02 0.06 0.03 1.07 1.33 






0-15 0.02 3.7 0.14 0.02 0.06 0.12 0.26 0.60 
15-36 0.01 4.1 0.13 0.02 0.05 0.04 0.13 0.37 






0-18 0.02 4.0 0.23 0.01 0.09 0.17 0.15 0.64 
18-45 0.01 4.2 0.19 0.01 0.08 0.30 0.12 0.71 






0-13 0.02 4.1 0.41 0.04 0.18 0.04 0.12 0.78 
13-30 0.01 4.0 0.34 0.03 0.17 0.06 0.19 0.78 
30-50 0.01 3.8 0.25 0.02 0.15 0.04 0.66 1.11 




Table 3.2: Continue 






















18 m  asl 
0-19 0.01 4.3 0.21 0.02 0.07 0.07 0.08 0.44 
19-44 0.01 4.4 0.12 0.01 0.06 0.07 0.10 0.36 





117 m asl 
0-10 0.02 4.3 0.43 0.03 0.10 0.04 0.07 0.68 
10-22 0.01 4.2 0.20 0.02 0.07 0.02 0.10 0.41 
22-40 0.01 4.0 0.13 0.03 0.09 0.02 0.26 0.52 





57 m asl 
0-16 0.02 4.4 0.23 0.02 0.08 0.02 0.02 0.38 
16-36 0.01 4.4 0.12 0.02 0.06 0.03 0.04 0.27 





33 m asl 
0-18 0.01 4.2 0.15 0.02 0.06 0.03 0.08 0.34 
18-40 0.01 4.4 0.19 0.01 0.06 0.03 0.07 0.37 





15 m asl 
0-15 0.02 4.0 0.10 0.02 0.05 0.04 0.14 0.35 
15-34 0.02 4.3 0.10 0.01 0.05 0.03 0.10 0.28 





34 m asl 
0-19 0.02 4.0 0.13 0.04 0.07 0.04 0.33 0.61 
19-44 0.01 4.2 0.08 0.02 0.05 0.02 0.14 0.31 
44-93 0.01 4.4 0.12 0.02 0.06 0.03 0.14 0.37 
Note:  asl: above sea level 
 
3.3.3 Nutrient properties of surface sands from four study areas 
All of the soils had 4 or less mg NH4/kg of soil (Table 3.3).  Nitrate levels 
were generally similar or lower. Extractable S was < 4 mg/kg except on Tramkak 6 
which had 6.4 mg /kg. Organic C ranged from 0.2 to 0.7 %.  All DTPA extractable Cu 
concentrations were below 1 mg/kg but were < 0.3 mg/kg on four of the sands. 
Extractable Zn concentrations were under 0.5 mg/kg, and were particularly low on the 
Kampot sands.  Extractable Mn ranged from < 1 mg/kg on two of the sands up to 23 
mg/kg on Tramkak 4. Apart from Ponhea Krek 4, extractable B concentrations were 
0.1 mg/kg or less.  All sands had very low Olsen P (0.8-2.6 mg/kg). Highest P retention 
index was found in the Kampot sands. The sands also had low total P (13-89 mg/kg). 
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Table 3.3 Nutrient properties of surface sands from eight profiles in four study areas. 








Depth (cm) 0-18 0-20 0-20 0-18 0-12 0-15 0-19 0-10 0-15 
NH4-N (mg/Kg) 4.0 3.0 4.0 2.0 2.0 4.0 3.0 3.0 2.0 
NO3-N (mg/Kg) < 1 < 1 < 1 3.0 3.0 < 1 < 1 1.0 < 1 
S (mg/Kg) 3.7 2.5 2.9 1.9 6.4 3.6 2.0 1.9 2.0 
C (%) 0.7 0.7 0.7 0.4 0.5 0.4 0.2 0.6 0.3 
DTPA-Co 
(mg/Kg) 0.3 0.3 0.2 0.4 0.9 0.5 0.2 0.3 0.3 
DTPA-Fe 
(mg/Kg) 63.3 29.7 50.1 21.2 37.5 51.5 23.2 22.1 10.2 
DTPA-Mn 
(mg/Kg) 0.8 0.6 8.8 8.5 23.2 2.5 1.0 7.7 0.6 
DTPA-Zn 
(mg/Kg) 0.1 0.2 0.1 0.2 0.5 0.2 0.2 0.2 0.2 
B (mg/Kg) 0.1 0.2 < 0.1 0.1 0.1 0.3 0.1 0.1 0.1 
 Olsen-P (mg/Kg) 1.7 2.6 1.4 2.6 0.9 1.6 0.8 1.0 1.1 
P Retention 
Index 16.2 3.9 10.8 3.7 5.9 7.7 2.9 4.8 3.1 
Total N (%) 0.0 < 0.01 0.1 < 0.01 0.0 0.0 < 0.01 0.0 < 0.01 
Total P (mg/Kg) 30.3 24.6 89.2 23.3 25.5 54.4 12.6 24.0 18.2 
Total K (mg/Kg) 246.0 122.9 110.5 73.6 117.2 103.4 41.2 103.0 35.9 




The texture of the profiles strongly reflected the parent material of the soil. 
The granite geology produced distinctive coarse-textured sand. The proportion of 
coarse sand was highest in the profiles derived from coarse-grained granite rocks from 
Kampong Chhnang Province. Indeed, the coarse grain size in the Kampong Chhnang 
soils was strongly reflected in Table 2.2 which differentiates the sand into additional 
size classes. Twenty to 40 % of the sand was > 600 µm on Kampong Chhnang profiles 
while all other profiles had < 10 % of the largest sand size class. The Kampot 4 profile 
had the highest percentage of the coarse sand fraction in the 200-600 µm size class, by 
contrast with Kampong Chhnang sands which were mostly in the 600-2000µm size 
class. 
Particle size distributions of the profiles in Ponhea Krek District were quite 
different from profiles in other areas. Although the amount of fine and coarse sand of 
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Ponhea Krek 1 was similar to those of Kampot 1, 2, 3, and all sites in Tramkak, the 
clay content was much higher. Ponhea Krek 2, 3 and 5 also had highest fine sand and 
lowest coarse sand content. 
The variations in the amount and proportions of coarse and fine sand and the 
amount of silt and clay in the 19 profiles were substantial, not just in the topsoil but 
also with depth.  Such variations in clay and the proportion of fine and coarse sands 
are likely to influence soil water retention and plant available water storage for crops 
(see Table 1.2). In general, there was an increase in clay content with depth which may 
provide a store of subsoil moisture to increase drought escape during periods of low 
rainfall which are common in Cambodia (Vance and Bell 2004).  However, the depth 
at which the increase in clay occurred varied and in many profiles may be too deep to 
be of practical benefit for water storage in the root zone of annual crops. Physical 
impedance of root penetration due to bulk density of 1.6 g/cm3  will limit access to 
water stored in subsoil clays as reported for deep sands in Northeast Thailand (Bruand 
et al. 2004; Hartman et al. 2008). Similarly, chemical barriers to subsoil root 
penetration such as excess soluble Al, may limit crop access to stored subsoil water 
(Siecińska and Nosalewicz 2016). 
In summary, texture differences appear to be most closely related to the parent 
material of the profile which was granite for Kampong Chhnang, Old alluvium for 
Ponhea Krek and sandstone for Kampot and sandstone/ quartzite for Tramkak (see 
Chapter 2). The parent material of Kampot 4 was not identified but appeared to be 
different from other Kampot profiles and may originate from a different parent 
material to other Kampot profiles. 
3.4.2 Soil pH 
Based on pH results (Table 3.2), acidity is likely to be a major constraint for 
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many field crops grown on the study areas. Seng et al. (2009) earlier suggested that 
acidity would be a significant limitation on crop suitability for sands in Cambodia, and 
basaltic soils as well (see also Seng et al. 2011). Among 19 profiles, only Tramkak 4 
has relatively high pH(CaCl2) (4.7) in topsoil (0-12 cm), but even in this soil, low pH 
in deeper layers of this profile is likely to limit root depth. The critical pH (CaCl2) for 
most plants at which Al toxicity becomes a limiting factor is in the range 4.3-4.8 
(Slattery et al. 1999). On this basis, all the profiles would be considered at risk of Al 
toxicity. Low pH values and relatively high exchangeable Al of Kampot 1, 3 and 
Ponhea Krek 1, indicate that Al toxicity is a likely limiting factor for crop production. 
Due to the low ECEC of all the sands, relatively low levels of exchangeable Al can 
still make up a significant proportion of exchangeable cations and hence expose roots 
to toxic levels of soluble Al. Critical levels of Al depend on crop species (Slattery et 
al. 1999) but mung bean, the test crop used in this study, is particularly sensitive to Al 
toxicity (Bell et al. 1991, Dierolf et al. 2001). The occurrence of Al toxicity in mung 
bean is examined further in Chapters 4-6. 
Manganese toxicity may also be a limiting factor on acid soils. The critical level 
at which Mn toxicity risk increases is pH (CaCl2) 5-5.5 (Slattery et al. 1999). Hence, 
depending on the mineralogy of the sands and their content of minerals containing Mn, 
all of the present sands represent a risk of Mn toxicity. Of the eight profiles analysed for 
DTPA Mn, Kampot 4, Tramkak 1 and 4 and Kampong Chhnang 1 had values above 8 
mg/kg and hence would be of interest for further investigation into Mn toxicity in crops. 
Mung bean is relatively sensitive to Mn toxicity (Bell et al. 1991). The occurrence of 
Mn toxicity in mung bean is examined further in Chapters 4-6. 
In addition to the current status of acidity in these sands, the risk of 
acidification over time also needs to be considered. Sands are poorly buffered against 
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pH shifts due to land management practices (Noble et al. 2001). Cropping practices 
based on annual crops tend to acidify soils over time due to the increased leaching 
of nitrate-N and the removal of alkaline plant products (grain, straw). In addition, the 
decline in soil organic matter that occurs when sands are converted from forest 
vegetation to cropping releases Al in soluble forms that exacerbates Al toxicity 
(Noble et al. 2001). 
3.4.3 Nutrient status of sands 
The adequacy of nutrient status of sands in the four study areas depends on 
the crop to be grown. Crop species vary in their ability to extract nutrients from the 
soil.  In the present thesis, mung bean was the test crop used (see Chapter 4 and 6) 
hence the following interpretation is based on the requirements for mung bean.  
Relative to the requirements for mung bean, all sands were well below the 
critical Olsen P concentration of 7 mg/kg (Bell et al. 1991). Exchangeable K was < 
0.04 cmol/kg and hence also deficient for most crops (Brennan and Bell 2013). The 
mineral N and organic N were also low but provided nodulation and nitrogen fixation 
were unrestricted, low soil mineral N supply should not limit mung bean. The DTPA 
extractable Zn concentrations were below the critical value for mung bean on all sands 
(Bell et al. 1991).  On all except the Ponhea Krek 4 sand, extractable B concentrations 
were also below the critical value for mung bean.  Extractable Mn concentrations 
varied from potentially deficient in Kampot 1, Ponhea Krek 4 and Kampong Chhnang 
4 to potentially toxic in Tramkak 4. There are no critical concentrations established for 
the KCl-S soil test for mung bean.  However, concentrations were below 7 mg/kg, the 
critical concentration for canola, and mostly within or below the critical range for 
wheat, 2.4-3.2 mg/kg (Anderson et al. 2013). The ECEC was < 1 cmol/kg in most 
sands which indicates very low reserves of exchangeable cations. These ECEC values 
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were only half the values reported for sands of Northeast Thailand (Kheoruenromne 
et al. 1998). Hence, the selected sands analysed for nutrient status indicate the 
likelihood of multiple nutrient deficiencies, with the specific combinations of deficient 
elements varying among sands. Similar findings were reported for sands in south-
central coastal Vietnam (Hoang et al. 2015) and Northeast Thailand (Bell et al. 1990). 
3.5 CONCLUSION 
Topsoil clay content of the 19 sand profiles varied from 1.5 to 9.3 %. In 
addition, among the profiles, the proportion of fine, medium and coarse sand varied.  
The fine sand was most common in Ponhea Krek while the coarse sand fraction was 
predominant amongst the Kampong Chhnang sands.  In most profiles clay content 
increased with depth: the increase in clay was most pronounced below 1 m depth which 
may limit its significance for annual crops. The most extreme of the profiles (TK1, 
PK3, KC5) had 2 or less % of clay to 1 m depth or more. By contrast TK3 and 4 had 
sharp increases in clay to 20 % or more within 25-40 cm of the soil surface. 
All the sands were strongly acid with pH (CaCl2) around 4.  When pH was 
4.2 or greater there was limited exchangeable Al while at pH 4 or less exchangeable 
Al comprised 30% or more of the ECEC.  The DPTA extractable Mn varied from low 
and potentially deficient values to potentially toxic levels.  Almost all the topsoils had 
low levels of extractable P, K, S, Zn and B that suggest deficiency risk for crops. 
In summary, multiple physical and chemical limitations were evident on the 
19 sand profiles, but the combination of potential constraints varied among profiles. 
In the following Chapters, the emphasis is on understanding the soil acidity limitations 
and testing treatments for alleviation of acidity, especially in the subsoil since 
limitations to root growth and yield potential due to subsoil acidity may constrain 
overall crop productivity on these sands.
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4.1 INTRODUCTION 
Chapter 3 reported on the second aim of the present thesis which was to 
explore physical and chemical properties and identify similarities and differences of 
edaphic properties of sands from south-eastern Cambodia. This clearly showed that 
acidity and Al toxicity were likely to be two major chemical limiting factors affecting 
crop growth on sands in south-eastern Cambodia. Hence the third and fourth aims of 
the thesis, to identify the effects of physical and chemical properties of different sand 
profiles on the growth of plants, and determine the optimum rate and placement of 
lime will in the remainder of the thesis focus on soil acidity. Since rainfed upland crops 
in south-east Cambodia need to access deep soil water stores to tolerate droughts that 
occur during the wet season (Vance et al. 2004), it was hypothesized that shallow 
topsoil lime incorporation would have limited benefit for growth of an acid sensitive 
crop like mung bean especially when topsoil remained dry for extended periods.   
In the present Chapter, the response of mung bean to lime on three sands was 
undertaken to identify minimum rates of lime required to correct acidity, determine 
what factors limit mung bean on acid soils and the likely influence of dryness in topsoil 
or subsoil on plant response to lime. 
Soil acidity is a term that covers a suite of potential limiting factors, including 
toxicities of Al, Mn or hydrogen ions and deficiencies of Ca, Mg, Mo, or P (Robson 
1989). In addition, low pH, and Al toxicity in particular, may inhibit nodulation and N 
fixation in legumes that in turn restricts N cycling through the soil (Vassileva et al. 
1997). Low pH may inhibit mineralisation of organic matter (Rousk et al. 2009). 
CHAPTER 4.  MUNG BEAN RESPONSE TO LIME 
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Aluminium toxicity by restricting root growth may limit soil water extraction which 
increases exposure to drought risk in rainfed conditions (Siecińska and Nosalewicz 
2016). Not all of these limitations occur on any one acid soil or site. The particular 
combination of limiting factors varies among soils and growing environments. 
However, the likelihood that multiple limitations occur on most acid soils adds to the 
complexity of managing such soils.  
Apart from acidity, the sands representing a range of regions and geologies 
in south-east Cambodia suffer the limitations typical of many sands: low clay content, 
low nutrient sorption (e.g. CEC), limited soil water storage and multiple nutrient 
deficiencies (Seng et al. 2007). Hence, in addition to the constraints typical of acid 
soils, acid sands may suffer further limitations. A critical first step is diagnosis of the 
suite of limiting factors so that treatments can be devised and tested for efficacy and 
ultimately for cost effectiveness (Hoang Minh Tam et al. 2015). 
Low pH increases the solubility of aluminosilicate and aluminium 
oxyhydroxide minerals and releases a range of soluble Al species into soil solution, 
but the level of soluble Al will vary depending on the mineralogy of the fine fraction 
of the sand. The most harmful of these for plant growth is Al3+.  Aluminium toxicity 
is closely related to Al3+ activity (Alva et al. 1986). The activity of this species of Al 
is reduced by other ions in solution, notably orthophosphate, sulfate and organic 
ligands such as citrate and malate. The critical soil pH at which Al toxicity occurs 
varies among soil types depending on the relative abundance of Al-containing 
minerals, the soil solution composition and the plant tolerance. In Australia, the critical 
soil pH (CaCl2) for increased Al toxicity risk varies between 4.3 and 4.8 (Slattery et 
al. 1999). 
The main symptom of Al toxicity is restricted root elongation (Jones et al. 
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2006). Aluminium displaces Ca from functional binding sites in root membranes and 
hence impairs a range of root membrane functions related to cellular metabolism and 
ion transport. Uptake of other ions and of water may be restricted due to the stunted 
root system. In addition, soluble Al reacts in soil solution with orthophosphate 
reducing its availability to roots for uptake (Seng et al. 2004). Aluminium in solution 
restricts the uptake of other cations notably Ca and Mg. On the other hand increased 
solution Ca decreased the toxic effects of Al3+ on root elongation (Alva et al. 1986a).  
Hence, depending on the plant available levels of nutrients in the soil, the 
manifestation of Al toxicity may be P, Ca or Mg deficiency rather than a direct effect 
of Al. 
 As with Al, Mn-containing minerals increase in solubility as pH decreases 
releasing more soluble Mn into solution. The solubility of Mn-containing minerals 
differs from that of Al-containing minerals so that the critical threshold for Mn toxicity 
is usually higher than for Al toxicity (e.g. Slattery et al. 1999). The effects of Mn 
toxicity are different from those of Al toxicity. Firstly, Mn toxicity symptoms are 
mostly manifest in shoots rather than mostly in roots. High concentrations of Mn in 
shoots interferes with Fe availability so that apparent Fe deficiency symptoms may 
occur particularly in cereals. Distortion or crinkling of leaves and stunting of shoots 
are common symptoms of Mn toxicity in mung bean (Smith et al. 1983).  Increased 
uptake of Si appears to ameliorate the negative effects of Mn in leaves. High solution 
Ca inhibits Mn uptake (Bell et al. 1989) 
Lime requirement varies among soil types, crop species and varieties and 
climatic zones. The target pH varies with crop tolerances and depending on whether 
acidity is primarily related to Mn or Al toxicity. At present, there is no information on 
lime requirements for treating acidity in acid sands of south-east Cambodia. Optimum 
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lime rates ultimately needs to be determined in the field based on the composition of 
liming materials available, the methods chosen for mixing it in the soil, the soil water 
regime and the range of crops grown in the field. However, glasshouse and laboratory 
methods can be used to predict optimum rates. Incubation methods in the laboratory 
involve addition of rates of lime to soils and then measuring the resulting pH in soils 
moistened to specific water content for a period of time. A similar approach is to set up 
pot experiments with a range of pH levels and using a test crop to determine the optimum 
pH and lime rate for maximum crop growth (Asher et al. 2002). A range of laboratory 
methods have been used to estimate the lime requirement of the soil (Sims 1996). 
Given that all the sands assessed in a preliminary study were strongly acid 
with pH (CaCl2) less than 5, acidity is likely to be a major limiting factor for plant 
growth in South-astern Cambodia (Hin et al. 2010). Hence the aim of the present study 
was to assess the effect of lime application on a test plant, mung bean, and determine 
optimum rates of application, the effect of depth of lime incorporation on mung bean, 
and the effect of soil moisture regime on lime response in mung bean and on soil 
properties.  Mung bean is highly sensitive to Al and Mn toxicity and was chosen as the 
indicator crop (Bell 1991).  
4.2 MATERIALS AND METHODS 
Three glasshouse experiments were conducted at the Cambodian Agricultural 
Research and Development Institute (CARDI).  The first experiment studied response 
of mung bean to different rates of lime application, the second investigated the effect 
of depth of lime incorporation on mung bean growth, and the third studied the 
combined effects of lime application and soil moisture regime on mung bean growth 
and soil properties. 
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4.2.1 Experiment 1: Response of mung bean to lime rates 
Two contrasting acid sands were used for Experiment 1: fine sand with high 
silt content from Ponhea Krek district (Ponhea Krek1 or PK), and; coarse sand from 
Kampong Chhnang Province (Kampong Chhnang 4 or KC) (see Hin et al. 2006, 2007 
a, 2010 for details of the site and soil properties and Chapters 2 and 3). Sand samples 
were collected from the 0-15 cm depth. Each sand type was treated with the following 
lime (laboratory grade CaCO3 fine powder) rates (t/ha): 0, 0.5, 1.0, 1.5, 2, 3.0, and 6. 
There were two replicate pots for each treatment combination. 
After addition of the lime, a complete set of basal nutrients was added to all 
potted sands at the following nutrient rates (equivalent on a pot surface area basis  to 
kg/ha) (Asher et al. 2002): 80 K  (as KCl), 30 P (as NaH2PO4.2H2O), 30 Mg (as 
MgCl2.6H2O), 25 S  (as Na2SO4), 5 Fe (as FeNaEDTA),  5 Mn (as MnCl2.2H2O), 4 Zn 
(as ZnCl2), 3 Cu (as CuCl2.2H2O), 2 B (as H3BO3), 0.4 Mo (as [NH4]6Mo7O24.4H2O) 
and 0.1 Co (as CoCl2.6H2O). 
After thoroughly mixing the sands with lime and nutrient solution, sand (5 kg 
per pot of sand sieved through a 2 mm screen) was added to closed pots lined with a 
plastic bag, adjusted to uniform bulk density and then watered to field capacity and 
incubated for two weeks in the glasshouse. 
Six uniform seeds of mung bean were sown 5 cm deep in the soil of each pot. 
Before planting, mung bean seed were coated with peat culture of mung bean 
rhizobium strain CB1015 (supplied by Nodulaid Sumersby, NSW, Australia). After 
two weeks, the seedlings were thinned to two uniform plants per pot. The soil was 
watered by weight every day to maintain soil water content at field capacity. Field 
capacity of the sands was determined by inundating 5 kg of air-dried soil (in 20 cm 
diameter, 20 cm deep, free-draining pots) with water and allowing it to drain for 24 
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hours. After 24 hours, about 500 g of soil was sampled from 5 cm below the surface 
and water content determined gravimetrically. 
At flowering stage (6 weeks age), mung bean plants were cut at ground level. 
The shoot and roots were oven-dried at 70oC for 48 hours. Dried shoot and root weight 
were recorded. Recently matured leaves were collected, oven dried and then milled. 
Number of nodules and root branches were counted and main root length of each plant 
was measured after washing roots free of soil. Dried leaves were analysed for N, P, K, Ca, 
Fe, Mn and Zn. Nitrogen was extracted by a modified Kjeldahl method followed by N 
determination by the method of O’Neill and Webb (1970). Other elements were extracted 
with hot HNO3 digestion followed by determination using ICP-AES (Huang et al. 2004). 
4.2.2 Experiment 2: Effect of depth of lime incorporation on mung bean growth 
on various acid sands 
The experiment was conducted in a randomized complete block design with 
four lime treatments, three types of sands and four replications. The three sands were 
collected from following sites: Tramkak (Tramkak 1 or TK: see Hin et al. 2010 and 
Chapter 2 for details), PK, and KC (as described above). 
Each sand was treated with the following lime (laboratory grade CaCO3) rates 
and depths of incorporation: T0: No lime, T1: Liming at 0-7.5 cm depth with the 
amount of lime to treat soil to 7.5 cm depth, T2: Liming at 0-7.5 cm depth with the 
amount of lime required to treat soil to 0-15 cm depth, T3: Liming at 0-15 cm depth 
with sufficient lime to treat that whole depth. The experiment was conducted in pots 
lined with plastic bags containing 5 kg of air-dried, sieved sand (2 mm screen size) 
(pots of 20 cm diameter and 15 cm height).  
Treatments T1 and T3 received enough lime (CaCO3) to raise soil pH (H2O) 
in 0-7.5 cm and 0-15 cm layers, respectively, to 6.5, which is within the favourable 
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range for mung bean (Bell 1991). Treatment 2 received lime in the same amount as T3 
but the lime was mixed in 0-7.5 cm only. Lime requirement were determined using the 
titration curves method, modified by Rayment and Higginson (1992). 
After weighing out the lime, a complete set of basal nutrients was added to 
all potted soils at rates described above for Experiment 1. After thoroughly mixing the 
soil with lime and nutrient solution, potted soils were packed to uniform bulk density, 
watered to field capacity and incubated for two weeks in the glasshouse. Six uniform 
seeds of mung bean were sown 5 cm deep in each pot. Before planting, mung bean 
seed were coated with rhizobium as described above for Experiment 1. After 2 weeks, 
the seedlings were thinned to two plants per pot. The soil was watered by weight every 
day to maintain soil water content at field capacity. Field capacity of the soil was 
determined as described above.  
At flowering stage (6-week age), mung bean plants were cut at ground level 
and roots were collected separately from limed and unlimed layers. Shoot and roots 
were oven-dried at 70oC for 48 hours. Dried shoot and root weight were recorded. 
Number of nodules and root branches were counted and main root length of each plant 
was measured after washing roots free from soil. Recently matured leaves were 
sampled, dried and analysed for N, P, K, Ca, Fe, Mn and Zn as described above for 
Experiment 1. 
4.2.3 Experiment 3: Interaction effect of lime application and soil moisture 
regime on mung bean grown on three sands from south-eastern Cambodia 
4.2.3.1 Treatments 
The same three acid sands as used for Experiment 2 were used: TK, PK and KC. 
Soil samples were collected separately in the field from two layers: surface (0-15 cm) and 
subsurface (15-35 cm). For each sand there were six soil moisture and lime treatments.   
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 Table 4.1 Treatment details for each sand 
Treatment code 
Surface Soil (0-15 cm) Subsurface soil (15-35 cm) 
Moisture condition Lime(b) Moisture condition Lime(b) 
T1 Wet(a) Lime Dry No lime 
T2 Wet No lime Dry No lime 
T3 Dry Lime Wet No lime 
T4 Dry No lime Wet No lime 
T5 Wet Lime Wet No lime 
T6 Wet No lime Wet No lime 
* pots: 6 treatments x 4 rep x 3 soils x1 crop = 72 
# Wet in this case refers to well-watered soil maintained at field capacity by daily water additions. 
(a) lime used for the experiment was laboratory grade CaCO3. 
 
Surface (0-15 cm) and subsurface (15-35 cm) layers were sampled from the three 
study areas, which represent different soil types in term of soil acidity and soil particle 
distribution (see Chapter 2 and 3). After air-drying and sieving (2 mm) to remove gravel 
and crop residue, the soils were placed into the pots as 8 kg of subsurface soils in the lower 
compartment of the column and 5 kg surface soils in the upper compartment (Figure 4.1).  
Soils with lime treatment were supplied with CaCO3 in the amount which was 
predicted to increase soil pH to 6.5 (see Appendix 4.1 for details). Lime requirement 
rates were initially estimated by direct titration with calcium hydroxide of Dunn (1943) 
method, as modified by Rayment and Higginson (1992). 
After weighing out the lime, a complete set of basal nutrients were added to 
all potted soils as described for Experiment 1. After thoroughly mixing the soil with 
lime and nutrient solution, soils were packed to uniform bulk density, watered to field 
capacity and incubated for two weeks in the glasshouse.  
Columns with 40 cm height and 15 cm diameter were constructed (Figure 
4.1). A 2 cm layer of Styrofoam beads were placed at 15-17 cm depth to separate upper 
and lower layers and act as capillary barrier to prevent water movement between the 
two layers (Rose et al. 2008). For columns with wet subsoil treatment, 50 cm long 
tubes (1 cm diameter) with outlet holes in the lower 25 cm were inserted to allow 
watering of the subsoils directly. 
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Figure 4.1 Schematic of pot culture that allows subsoil to be watered independently 
of topsoil and utilises a Styrofoam bead layer to prevent capillary 
movement of water between subsoil and topsoil. No watering tubes are 
inserted for dry subsoil treatments. 
Six uniform seeds of mungbean were sown at 5 cm depth. Before planting, 
mungbean seed were coated with rhizobium in peat culture as described above. After 
2 weeks, the seedlings were thinned to 2 plants per pot. The soil layers (upper /or 
lower) with wet treatment were watered every day to maintain soil water content in 
that layer at field capacity. For the dry topsoil treatments, the soil moisture of the 
topsoils was kept at field capacity until crop emergence and then allowed to dry. For 
dry subsoil treatments, the subsoils were watered to field capacity before planting and 
then no additional water was added during the experiment.  
At flowering stage (6 weeks age), mung bean plants were cut at ground level. 
The shoot and roots were oven-dried at 70oC for 48 hours. Dried shoot and root weight 
were recorded. Recently matured leaves were collected, oven dried and then milled. 
Number of nodules and root branches were counted and main root length of each plant 
was measured after washing roots free of soil. Dried leaves were analysed for N, P, K, 
Ca, Fe, Mn and Zn as described above for Experiment 1. 
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4.2.3.2 Soil analysis 
Soil pH was measured in 1:5 ratio suspension of soil to 0.01M CaCl2. Soil 
extracts for exchangeable bases, Al, and CEC determination were obtained by shaking 
end-over-end 1 g of air-dried soil with 50 ml of 0.01 M (AgTU)+ at 25oC for 16 hours 
and then centrifuged to obtain a clear supernatant (Rayment and Higginson 1992). 
Determination of exchangeable Al was made using ICP-AES. The Walkley and Black 
(1934) method as modified by Rayment and Higginson (1992) was used to determine 
soil organic carbon (OC). Other analysis for total N, total P, and DTPA extractable Mn 
was conducted according to Rayment and Higginson (1992).  
4.2.4 Statistical analysis 
For each experiment, all data for a single soil type were analyzed using 
one-way analysis of variance to determine the significance of the main effects. 
Least significance difference (LSD) tests were performed to determine the 
significant differences among individual means. All statistical analyses were 
performed using the Cropstat version 7.2 statistical software (Cropstat, 2009). 
Polynomial regression equations were also computed to assess relationships 
between factors using Excel 2010.  
4.3 RESULTS 
4.3.1 Soil properties 
The three soils contained predominantly sand with 95.8 % in KC, followed 
by 93.2 % in TK and 88.0 % in PK (Table 4.2). In contrast, PK contained higher clay 
(8.8 %) than the other two sands (1.8-2.2 %). 
The three sands are extremely acidic with very low soil pH (CaCl2) ranging 
from 4 to 4.3 and all had low organic C (0.32-0.44 %) (Table 4.2). Total P of PK was 
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54 mg/kg, while total P of TK and KC was only 23.3 and 18.2, respectively. All sands 
had low total N. Effective CEC of all sands was very low: KC had the lowest ECEC 
(0.35 cmol/kg). Exchangeable Ca and Mg were very low, ranging from 0.10 to 0.24 
and 0.05 to 0.09 cmol/kg, respectively. Exchangeable K and Na were also very low in 
all sands. Aluminium saturation was between 21-57 % with highest value in PK and 
the lowest in TK.  
Table 4.2 Selected initial soil physical and chemical properties of the three sands (0-
15 cm) used in the present study.  
Property Tramkak 1 (TK) Ponhea Krek 1 (PK) Kampong Chhnang 4 (KC) 
Clay (%) 2.2 8.8 1.6 
Silt (%) 4.6 3.2 2.6 
Sand (%) 93.2 88.0 95.8 
pH (CaCl2) 4.3 4.0 4.3 
ECEC (cmol/kg) 0.47 0.77 0.35 
Total P (mg/kg) 23.3 54.4 18.2 
Organic C (%) 0.44 0.43 0.32 
Total N (mg/g) <0.1 0.3 <0.1 
Exch K (cmol/kg) 0.02 0.03 0.02 
Exch Ca (cmol/kg) 0.24 0.19 0.10 
Exch Mg (cmol/kg) 0.09 0.08 0.05 
Exch Na (cmol/kg) 0.02 0.04 0.04 
Exch Al (cmol/kg) 0.10 0.44 0.14 
Al saturation (%) 21 57 40 
DTPA-Mn (mg/kg) 8.49 2.45 0.64 
 
4.3.2 Experiment 1: Mung bean response to rates of lime application 
4.3.2.1 Soil pH 
After six weeks growth, without lime, pH (CaCl2) of PK was 4.6 but slightly 
higher in KC (4.9). The lowest rate of lime (0.5 t/ha) increased pH above 5.3 in both 
soils. The highest  lime rates raised pH to 8 in both soils. Based on the fitted regression 
line (Fig 4.2), the lime rate required in KC to reach pH (CaCl2) 5.5 was 0.5 t/ha. In 
PK, to reach pH 5.5 required 0.63 t of lime/ha. To reach pH (CaCl2) 7, the fitted 
regression line indicated lime requirement of 2.6 t/ha in PK and 2.3 t/ha in KC. 
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Figure 4.2 Soil pH response to lime application. Values are means of four replicates, 
taken from pots after harvesting. Experiment 1. 
 
4.3.2.2 Nodule number, shoot and root dry weight 
In unlimed PK mung bean had 2 nodules per plant while none were recovered 
from roots in unlimed KC (Table 4.3). In PK, liming soil at 0.5 t/ha increased nodules 
to the optimum number (55 nodules/plant), but in KC the same lime rate produced 
only 28 nodules per plant. In KC, to reach optimum number of nodules required at 
least 1 t of lime/ha to be added to the soils. 
Without lime application, dry shoot weight was only 1.12 and 0.81 g/plant in 
PK and KC, respectively. Lowest rate of lime at 0.5 t/ha increased shoot weight in both 
soils to above 4.8 g/plant. The lime rate required in both PK and KC to reach maximum 
shoot weight was 1.0 t/ha (Table. 4.3). Lime at 2 t/ha or more reduced shoot weight in 
PK, while in KC 3 t/ha or more depressed shoot dry weight. 
Dry root weight was only 0.34 and 0.24 g/plant in PK and KC, respectively, 
when no lime was added to the soils (Table 4.3). In PK, even when lime was added at 
the lowest rate, dry root increased to optimum weight. No significant difference in root 
weight was obtained from different rates of lime application. In KC, when lime was 
added, the root weight also increased significantly, but highest root weight was 
obtained when the lime was applied at highest rate (6 t/ha). 
y = -0.0995x2 + 1.12x + 4.97
R² = 0.96397























On PK, lime at 0.5-2 t/ha produced increased shoot: root ratio, while higher 
lime rates decreased it (Table 4.3). Nevertheless, shoot: root ratio at high lime rates 
were still higher than in unlimed soil. On KC, lime at 0.5 t/ha increased shoot: root 
ratio compared to unlimed soil, but further increases in lime rate progressively 
decreased the ratio. The shoot: root ratio was lowest at 6 t/ha. 
Adding between 1 and 6 t of lime/ha to PK significantly increased main root 
length relative to that in unlimed soil (Table 4.4). In KC, main root length significantly 
increased when the soil was limed, but there was no significant difference among rates 
2 - 6 t/ha.  Total root branches were significantly increased even at the low rate of lime. 
Higher lime rates than 0.5 t/ha had no further effect on total numbers of secondary 
roots per plant. 
Table 4.3 Shoot, root and nodule response of mung bean to lime application rates on 
two sands, Ponhea Krek 1 (PK) and Kampong Chhnang 4 (KC). The 
values are means of four plants. Experiment 1. 
Treatment Lime rate (t/ha) 
Nodule Dry Shoot Dry Root Shoot: Root  
no/plant g/plant g/plant ratio 
PK 
PK-T0 0.0 2 1.12 0.34 3.29 
PK-T1 0.5 55 5.96 0.99 6.02 
PK-T2 1.0 60 7.36 1.31 5.62 
PK-T3 1.5 52 7.01 1.43 4.90 
PK-T4 2.0 66 6.44 1.06 6.08 
PK-T5 3.0 49 6.01 1.38 4.36 
PK-T6 6.0 53 5.88 1.38 4.26 
LSD (P ≤ 0.05) 17 0.82 0.82  
KC 
KC-T0 0.0 0 0.81 0.24 3.38 
KC-T1 0.5 28 4.87 0.97 5.02 
KC-T2 1.0 48 5.17 1.27 4.07 
KC-T3 1.5 44 5.28 1.47 3.59 
KC-T4 2.0 50 5.15 1.42 3.63 
KC-T5 3.0 39 4.98 1.67 2.98 
KC-T6 6.0 42 4.53 1.97 2.30 
LSD (P ≤ 0.05) 10 0.25 0.21  
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Greatest numbers of secondary roots were produced on the main root at 0-2 
cm depth on both soils (Table 4.4). In PK, number of secondary roots dropped at 2-5 
and 5-10 cm compared to those at 0-2 cm, but below 10 cm none were evident except 
at 3 and 6 t/ha. By contrast, in KC secondary root numbers dropped from 0-2 cm depth 
to 2-5 cm and were virtually absent below 5 cm depth.  
Based on the line fitted to the data points for shoot dry weight and lime rates, to 
achieve 90 or 95 % of maximum relative yield, required 0.65 to 0.78 t of lime /ha on PK 
and 0.46 to 0.55 t /ha on KC. 
 
 
Figure 4.3 Relationship between lime rate and shoot dry weight for Ponhea Krek 1 




























Table 4.4 Effect of lime rate on main root length and number of secondary roots of 











0-2 cm 2-5 cm 5-10 cm > 10 cm No. 
PK  
PK-T0 0.0 5.5 10 3 0 0 13 
PK-T1 0.5 11.9 15 10 7 0 32 
PK-T2 1.0 22.0 19 11 10 0 40 
PK-T3 1.5 22.1 14 11 9 0 34 
PK-T4 2.0 22.5 18 13 13 0 34 
PK-T5 3.0 26.3 14 10 8 1 33 
PK-T6 6.0 24.4 19 9 8 2 38 
LSD (P ≤ 0.05) 7.5 2.5 4.2 3.7 3.0 8.9 
KC  
KC-T0 0.0 5.0 3 3 0 0 6 
KC-T1 0.5 9.8 16 10 0 0 26 
KC-T2 1.0 6.8 13 9 0 0 22 
KC-T3 1.5 5.1 11 11 0 0 22 
KC-T4 2.0 17.2 17 11 4 0 32 
KC-T5 3.0 10.3 14 8 0 0 22 
KC-T6 6.0 17.8 9 9 1 0 19 
LSD (P ≤ 0.05) 10.1 8.5 7.8 4.8 0 14.1 
 
 
Table 4.5 Estimated lime rate to reach 90 or 95 % of maximum shoot dry weight. 
Lime rates were estimated visually from lines joining the data points 
shown in Figure 4.3. Experiment 1. 
Sand site Lime rate (t/ha) Relative shoot weight as a % of maximum 
PK 0.78 95 
 0.65 90 
KC 0-.55 95 




Figure 4.4 Relationship between soil pH (CaCl2) and shoot dry weight on Ponhea 
Krek 1 (PK) and Kampong Chhnang 4 (KC) sands. Values are means of 
four replications. 
To achieve maximum relative shoot dry weight required a soil pH (CaCl2) 
value of 5.85 for PK and 6.3 for KC (Fig. 4.4, Table 4.6).  The pH (CalCl2) values 
associated with 90 or 95% of maximum shoot dry weight were 5.32 or 5.47 in PK and 
5.64 or 5.80 in KC, respectively. 
Table 4.6 Estimated pH (CaCl2) to reach 90, 95 or 100 % of maximum shoot dry 
weight on two sands (PK- Ponhea Krek 1; KC- Kampong Chhnang 4). The 
pH values were estimated from regression lines shown in Figure 4.4. 
Experiment 1. 









4.3.2.3 Leaf nutrients 
Apart from N, all nutrient concentrations in mung bean leaves at 0.5 t of 
lime/ha decreased relative to those in unlimed soils (Table 4.7). In the case of N, lime 
had no significant effects on leaf N concentration. Leaf P increased in mung bean on 
PK as lime increased from 1 to 3 t/ha. By contrast in KC, raising lime from 0.5 to 6 
t/ha depressed leaf P concentration. Leaf Mn and Zn concentrations declined markedly 
with 0.5 t of lime/ha and further with 1 and 1.5 t/ha. 
 
y = -0.2932x4 + 8.2441x3 - 86.264x2 + 397.53x - 673.43
R² = 0.9877





























Table 4.7 Effect of lime rate on nutrient concentration in mung bean young mature 
leaves at late flowering stage on two sands (PK- Ponhea Krek 1; KC- 
Kampong Chhnang 4). The values are means of four replicates. 




















PK-T0 0.0 3.65 0.30 3.50 0.85 0.58 950 158 
PK-T1 0.5 3.27 0.26 2.14 1.42 0.41 470 108 
PK-T2 1.0 3.27 0.30 2.10 2.00 0.48 125 60 
PK-T3 1.5 3.52 0.32 2.20 1.89 0.46 52 42 
PK-T4 2.0 3.45 0.32 2.20 1.90 0.43 29 32 
PK-T5 3.0 3.40 0.37 2.50 2.20 0.47 66 40 
PK-T6 6.0 3.34 0.34 2.20 2.30 0.44 65 36 
LSD (P ≤ 0.05) 0.532 0.027 0.414 0.620 0.092 63.7 3.7 
KC 
KC-T0 0.0 3.96 0.33 5.40 0.53 0.49 390 139 
KC-T1 0.5 3.74 0.28 2.80 1.33 0.46 95 37 
KC-T2 1.0 4.01 0.28 2.70 1.68 0.46 82 31 
KC-T3 1.5 4.13 0.25 3.20 1.74 0.46 41 31 
KC-T4 2.0 3.92 0.23 3.00 1.82 0.43 38 28 
KC-T5 3.0 4.15 0.24 2.90 1.74 0.45 40 29 
KC-T6 6.0 3.94 0.19 2.50 1.57 0.39 43 25 
LSD (P ≤ 0.05) 1.014 0.093 0.937 0.364 0.091 196 46.0 
4.3.3 Experiment 2: Effect of depth of lime incorporation on mung bean growth 
on three acid sands. 
4.3.3.1 Soil pH 
Without liming, soil pH (CaCl2) of PK was 4.01 at 7.5-15 cm rising to 4.65 
at 0-7.5 cm depth (Table 4.8). When adding lime at the lowest rate (0.13 t/ha) within 
7.5 cm, top soil pH increased to 6.34, but subsoil pH was not increased. Higher rates 
of lime incorporation (1.58 t/ha) within 0-7.5 cm increased top soil pH to 6.7 and 
increased subsoil pH to 4.33.  Topsoil pH were similar when lower rates were applied 
with 0-7.5 cm depth to when the higher rates of lime were applied within 0-15 cm 
depth, however, highest subsoil pH (5.43) was when the higher rate of lime were mixed 
within 0-15 cm depth. 
Soil pH (CaCl2) values for unlimed KC were 4.96 and 4.66 for top and 
subsoil, respectively (Table 4.8). Top soil pH values were similar when the lower rate 
of lime (0.13 t/ha) were added to topsoil only and when higher lime rate (0.25 t/ha) 
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were added to both layers. Highest soil pH (6.91) was found in the top soil treated with 
the higher lime rate (0.25 t/ha) mixed in that layer only.  Subsoil significantly increased 
when lime was added at lower or higher rates to either topsoil or subsoil. However, 
subsoil pH increase was higher, when the lime was mixed at 0.25 t/ha to 15 cm depth. 
Table 4.8 Effect of depth of lime incorporation on soil pH. Values are means of four 
replicates. Experiment 2. 
Treatment code Lime depth and rate 
pH (1:5 CaCl2) 
0-7.5 cm 7.5-15 cm 
TK  
TK-T0 No lime 5.17 4.40 
TK-T1 0-7.5 cm, 0.35 t/ha 6.04 4.64 
TK-T2 0-7.5 cm, 0.70 t/ha 6.89 5.18 
TK-T3 0-15 cm, 0.70 t/ha 6.05 5.54 
LSD (P ≤ 0.05) 0.14 0.22 
PK  
PK-T0 No lime 4.65 4.01 
PK-T1 0-7.5 cm, 0.79 t/ha 6.34 4.07 
PK-T2 0-7.5 cm, 1.58 t/ha 6.70 4.33 
PK-T3 0-15 cm, 1.58 t/ha 6.29 5.43 
LSD (P ≤ 0.05) 0.08 0.06 
KC   
KC-T0 No lime 4.96 4.66 
KC-T1 0-7.5 cm, 0.13 t/ha 6.06 4.87 
KC-T2 0-7.5 cm, 0.25 t/ha 6.91 5.08 
KC-T3 0-15 cm, 0.25 t/ha 6.05 5.18 
LSD (P ≤ 0.05) 0.10 0.11 
 
Unlimed TK had pH (CaCl2) value of 5.17 and 4.40 for topsoil and subsoil, 
respectively (Table 4.8). Topsoil pH values were around 6.05 when lower lime rate 
(0.35 t/ha) was added to topsoil or higher rate (0.70 t/ha) were mixed within 0-15 cm 
depth.  Topsoil pH reached 6.89 when the higher rates of lime were added to topsoil 
only. Even when lime were added to topsoil only, subsoil pH values were increased 
and reached 5.18 when topsoil was treated with 0.7 t of lime/ha . However, the highest 
subsoil pH (5.54) was found when both layers were treated with 0.7 t/ha.  
4.3.3.2 Exchangeable Ca, Mn, and Al  
Lime application increased exchangeable Ca of topsoil (0-7.5 cm depth) at all 
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sites but at KC, the increase was not significant (Table 4.9). The highest exchangeable 
Ca (3.14 cmol/kg) was found on top soil of PK when the lime was applied at 1.58 t/ha. 
When the lime was mixed only in the topsoil, here was no significant effect of lime on 
exchangeable Ca of subsoil (7.5-15 cm depth).  
Table 4.9 Effect of depth of lime incorporation on exchangeable Ca, Mn and Al of 
sands (TK- Tramkak 1; PC- Ponhea Krek 1; KC- Kampong Chhnang 4) 
after harvesting. Values are means of four replicates. Experiment 2. 
Treatment 
code 
Lime depth and rate 
Ca (cmol/kg) Mn (mg/kg) Al (cmol/kg) 
0-7.5 cm 7.5-15 cm 0-7.5 cm 7.5-15 cm 0-7.5 cm 7.5-15 cm 
TK   
TK-T0 No lime 1.91 1.87 0.94 9.96 0.005 0.004 
TK-T1 0-7.5 cm, 0.35 t/ha 2.13 1.95 0.20 6.27 0.006 0.004 
TK-T2 0-7.5 cm, 0.70 t/ha 2.10 1.95 0.26 4.61 0.006 0.003 
TK-T3 0-15 cm, 0.70 t/ha 1.98 2.21 0.43 2.66 0.005 0.004 
LSD (P ≤ 0.05)  0.140 0.188 0.341 1.323 0.0033 0.0034 
PK   
PK-T0 No lime 1.80 1.83 2.40 2.05 0.003 0.005 
PK-T1 0-7.5 cm, 0.79 t/ha 2.43 1.87 0.53 2.12 0.002 0.003 
PK-T2 0-7.5 cm, 1.58 t/ha 3.14 1.91 0.09 1.55 0.000 0.004 
PK-T3 0-15 cm, 1.58 t/ha 2.47 2.81 0.43 0.58 0.001 0.004 
LSD (P ≤ 0.05)  0.170 0.151 0.183 0.345 0.0029 0.0023 
KC 
KC-T0 No lime 1.80 1.87 1.06 2.73 0.010 0.010 
KC-T1 0-7.5 cm, 0.13 t/ha 1.87 1.83 0.45 2.42 0.009 0.009 
KC-T2 0-7.5 cm, 0.25 t/ha 1.91 1.83 0.24 2.19 0.007 0.008 
KC-T3 0-15 cm, 0.25 t/ha 1.91 1.87 0.39 1.32 0.007 0.010 
LSD (P ≤ 0.05)  0.113 0.089 0.209 0.456 0.0030 0.0032 
 
Exchangeable Mn of topsoil significantly decreased when the soil was treated 
with lime (Table 4.9). On TK even when lime was mixed only with topsoil at the lower 
rate, subsoil exchangeable Mn significantly decreased. In other sands, this decrease 
was found only when topsoil was mixed with lime at higher rate or both layers were 
treated with lime. 
In PK and KC, exchangeable Al of topsoil was slightly decreased when lime 
was applied but there was no significant decrease (Table 4.9). 
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4.3.3.3 Dry shoot weight 
Lime application increased shoot dry weight on TK fourfold (Table 4.10). 
However, the rates of lime and depth of placement had no effect on the shoot dry weight. 
On PK, lime application strongly increased shoot dry weight (Table 4.10). 
With lime application and without, shoot dry weight was higher than on other soils. 
Maximum shoot dry weight was obtained with 1.5 t lime /ha mixed within 0-15 cm. 
Lime mixed in 0-7.5 cm produced lower shoot dry weight, but the decrease was only 
significant at the higher rate of lime (1.58 t/ha). 
Lime significantly increased shoot dry weight of mung bean on KC (Table 
4.9). The highest shoot dry weight obtained when lime was applied to 0-7.5 cm depth 
at 0.25 t/ha. 
4.3.3.4 Dry weight of root and nodule number: 
On TK, the responses of root dry weight in the 0-7.5 cm layer and of nodule 
number were the same as dry shoot weight response to lime treatments (Table 4.10). 
Deeper roots (7.5-15 cm) increased in all lime treatment but more when lime was 
mixed at that layer than when lime was mixed only in the topsoil (0-7.5 cm).  
Reponses of root dry weight in the 0-7.5 cm layer and nodule number was the 
same in PK as dry shoot weight responses to lime treatments (Table 4.10). On PK, 
only when the lime was mixed in the 7.5-15 cm did the root dry weight increase in that 
layer.  
Responses of root dry weight in KC in the 0-7.5 cm layer were the same as 
the shoot dry weight response to lime (Table 4.10). Nodule number increased in all 
lime treatments regardless of the rate or placement of lime in KC. Root dry weight in 
the 7.5 – 15 cm layer was increased at the higher lime rate, especially when lime was 
mixed directly in that layer 
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Table 4.10 Effect of depth of lime incorporation on shoot and root dry weight and 
nodule number of mung bean in three sands (TK- Tramkak 1; PC- Ponhea 














g/plant g/plant g/plant no/plant   
TK   
TK-T0 No lime 1.04 0.11 0.04 14 7 
TK-T1 0-7.5 cm, 0.35 t/ha 4.35 0.40 0.08 51 9 
TK-T2 0-7.5 cm, 0.70 t/ha 4.44 0.50 0.08 52 8 
TK-T3 0-15 cm, 0.70 t/ha 4.42 0.38 0.13 39 9 
LSD (P ≤ 0.05) 0.914 0.141 0.027 14.9  
PK   
PK-T0 No lime 2.69 0.49 0.09 14 5 
PK-T1 0-7.5 cm, 0.79 t/ha 6.86 0.71 0.10 75 9 
PK-T2 0-7.5 cm, 1.58 t/ha 6.50 0.60 0.10 63 9 
PK-T3 0-15 cm, 1.58 t/ha 7.70 0.82 0.18 77 8 
LSD (P ≤ 0.05) 0.958 0.171 0.061 13.3  
KC    
KC-T0 No lime 1.66 0.17 0.06 25 7 
KC-T1 0-7.5 cm, 0.13 t/ha 2.91 0.32 0.08 58 7 
KC-T2 0-7.5 cm, 0.25 t/ha 4.10 0.42 0.09 68 8 
KC-T3 0-15 cm, 0.25 t/ha 2.93 0.31 0.11 70 7 
LSD (P ≤ 0.05) 0.564 0.073 0.023 32.0   
4.3.3.5 Root length and secondary root numbers 
Main root length did not respond to lime treatment on any of the three sands 
(Table 4.11). Fifty to 70 % of secondary roots were at 0-2 cm depth on the main root, 
except on KC. Lime increased the number of secondary root branches in this surface 
layer (0-2 cm). On TK and PK, lime generally increased number of secondary branch 
roots at 2-5 and 5-10 cm depth. In the cases of KC, only the higher lime rate mixed in 
0-7.5 cm increased secondary branch root number in 2-5 cm. On KC and PK, there 
were no secondary branch roots at greater than 10 cm depth. On TK, only the unlimed 
treatment and lower lime rate had any roots below 10 cm. 
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Table 4.11 Effect of depth of lime incorporation on length of the main root and on 
secondary root numbers separated by depth on three sands (TK- Tramkak 
1; PK- Ponhea Krek 1; KC- Kampong Chhnang 4). Values are a mean of 4 
replications. Experiment 2 
Treatment 
code 
Lime depth and rate Main root 
Length (cm) 
Number of second root branch per plant  
0-2 cm 2-5 cm 5-10 cm > 10 cm Total 
TK  
TK-T0 No lime 10.5 14 5 1 1 21 
TK-T1 0-7.5 cm, 0.35 t/ha 11.6 25 9 5 1 40 
TK-T2 0-7.5 cm, 0.70 t/ha 9.3 27 11 2 0 40 
TK-T3 0-15 cm, 0.70 t/ha 8.3 27 9 5 0 41 
LSD (P ≤ 0.05) 6.06 6.8 4.5 2.6 1.4 7.5 
PK 
 
PK-T0 No lime 7.5 19 4 0 0 23 
PK-T1 0-7.5 cm, 0.79 t/ha 6.9 22 11 4 0 37 
PK-T2 0-7.5 cm, 1.58 t/ha 7.3 27 9 10 0 46 
PK-T3 0-15 cm, 1.58 t/ha 7.5 25 12 5 0 42 
LSD (P ≤ 0.05) 1.11 7.1 2.3 2.7 0.0 8.1 
KC  
KC-T0 No lime 7.9 13 9 3 0 25 
KC-T1 0-7.5 cm, 0.13 t/ha 8.3 16 9 4 0 29 
KC-T2 0-7.5 cm, 0.25 t/ha 7.6 17 14 1 0 32 
KC-T3 0-15 cm, 0.25 t/ha 7.7 14 8 2 0 24 
LSD (P ≤ 0.05) 2.15 4.2 4.3 2.4 0.0 5.2 
 
4.3.3.6 Leaf nutrients 
With lime addition, leaf N concentration in mung bean grown on TK dropped 
from 4.69 to 2.7-2.2 % (Table 4.12). The higher lime rate mixed in 0-7.5 cm depth 
increased leaf N concentration compared to the lower rate. 
Ponhea Krek was the only sand on which leaf N concentration increased with 
lime application but among the lime treatments there were no significant differences in 
leaf N (Table 4.12). In general, with lime application, leaf N concentration were higher in 
PK than in mung bean on other sands. Lime application decreased leaf N concentration 
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on mung bean grown in KC, except at the higher lime rate mixed in 0-15 cm. 
On all sands, leaf P concentration decreased with lime application regardless 
the rates and mixing depths (Table 4.12). In the unlimed PK, leaf P concentration was 
lowest amongst the sands and even with lime application leaf P concentration tended 
to be lower on PK. 
Like leaf P concentration, leaf K and Mg concentration were decreased by 
liming (Table 4.12). In PK, the higher lime rate, mixed in 0-15 cm had 1.57 % K in 
leaves, whereas all other lime treatments had > 1.9 % K and in TK and KC leaf K 
concentration were greater than 2.3 % in the limed treatments. 
In unlimed sands, leaf Mn concentration were 755 mg/kg in KC, 800 mg/kg 
in PK, and 2262 mg/kg in TK (Table 4.12). The lower lime rate in PK strongly 
decreased leaf Mn concentration and the higher rate mixed in 0-15 cm further 
decreased Mn in the leaf to 56 mg/kg. Liming in TK and KC caused a similar pattern 
of decrease in leaf Mn concentration but to a lesser extent. With the lower lime rate on 
TK, leaf Mn concentration was still 810 mg/kg and at the higher lime rate, mixed in 0-
15 cm, leaf Mn concentration remained at 240 mg/kg. 
Like leaf Mn, leaf Zn was strongly decreased by lime but at the higher rate mixed 
in 0-15 cm, leaf Zn concentration were greater 40 mg/kg in mung bean on all sands. 
In the unlimed treatment, leaf Ca concentration ranged from 1.05 % (KC) to 
1.35 % (PK) (Table 4.12). Lime application only increased leaf Ca concentration in 
KC and only with the high lime rate and mixing in 0-15 cm on TK.  
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Table 4.12 Effect of depth of lime incorporation on nutrient concentration in mung 
bean young mature leaves at flowering stage. (TK- Tramkak 1; PK- 
Ponhea Krek 1; KC- Kampong Chhnang 4). Values are means of 4 
replications. Experiment 2.  
Treatment 
code 
Lime depth and 
rate 






TK-T0 No lime 4.29 0.42 4.63 1.11 0.63 2262 196 
TK-T1 0-7.5 cm, 0.35 t/ha 2.74 0.26 2.43 1.22 0.40 810 85 
TK-T2 0-7.5 cm, 0.70 t/ha 3.18 0.23 2.35 1.28 0.40 620 74 
TK-T3 0-15 cm, 0.70 t/ha 2.79 0.29 2.30 1.65 0.48 240 45 
LSD (P ≤ 0.05)  0.418 0.062 0.535 0.240 0.076 101.5 10.3 
PK 
PK-T0 No lime 2.64 0.30 2.80 1.35 0.81 800 172 
PK-T1 0-7.5 cm, 0.79 t/ha 3.13 0.23 1.92 1.15 0.52 156 77 
PK-T2 0-7.5 cm, 1.58 t/ha 3.27 0.23 1.94 1.29 0.50 120 69 
PK-T3 0-15 cm, 1.58 t/ha 3.37 0.25 1.57 1.51 0.49 56 43 
LSD (P ≤ 0.05)  0.379 0.041 0.588 0.557 0.076 49.7 12.7 
KC 
KC-T0 No lime 2.98 0.45 4.90 1.05 0.64 755 213 
KC-T1 0-7.5 cm, 0.13 t/ha 2.43 0.32 3.45 1.33 0.55 405 128 
KC-T2 0-7.5 cm, 0.25 t/ha 2.54 0.26 2.95 1.36 0.54 300 91 
KC-T3 0-15 cm, 0.25 t/ha 2.69 0.30 3.45 1.54 0.63 195 104 
LSD (P ≤ 0.05)  0.335 0.068 0.853 0.229 0.077 75.7 17.5 
4.3.4 Experiment 3: Interaction effect of lime application and soil moisture 
regime on mung bean and soil pH 
4.3.4.1 Soil pH 
The unlimed TK had pH (CaCl2) in 0-15 cm depth of 4.6-4.7, regardless of 
soil water treatment (Table 4.13). Lime increased pH to 5.9 - 6, regardless of soil water 
treatment. At 15-35 cm depth, regardless of soil moisture and topsoil lime treatment, 
pH was about 4.3. 
Unlimed PK had pH of 4.1 in 0-15 cm depth (Table 4.12). Liming increased 
it to 5.5 or more. At 15-35 cm, PK sand had low pH of 3.9 to 4. 
Like in other sands, lime increased pH in 0-15 cm of KC. Unlike in other 
sands, wetting top soil raised pH more than in dry soil. At 15-35 cm, pH was about 
4.4, slightly higher than TK and significantly higher than PK. As in other soils, in KC, 
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topsoil wetting and lime treatment had little or no effect on the pH in 15-35 cm. 
4.3.4.2 Plant height and survival 
Omitting lime decreased plant height by 61 % in TK, 38 % in PK and by 25 
% in KC (Figure 4.5). With lime applied to the topsoil, dry subsoil had no significant 
effect on mung bean height. However, lime applied in dry topsoil significantly 
decreased plant height compared to lime in wet topsoil by 29 % in TK, 27 % in PK, 
and 22 % in KC. Dry subsoil also had no effect on plant height in unlimed soil. 
However, combination of no lime and dry topsoil resulted in plant mortality in TK and 
KC, while it had no significant effect on plant height in PK.  
Figure 4.5 Interaction effect of lime application and soil moisture condition on plant 
height. Values are means of 4 replications. (TK- Tramkak 1; PC- Ponhea 
Krek 1; KC- Kampong Chhnang 4). Experiment 3. 
4.3.4.3 Shoot weight 
Maximum shoot dry weight was obtained with lime added to topsoil and the 
whole profile supplied with soil water (Table 4.13). However, depression in shoot dry 
weight in unlimed sand was much more severe in TK than PK and KC (97 % decrease, 
compared to 77 % in PK, and 64 % in KC). Provided lime and water were applied in 





































lime in dry topsoil, while increasing shoot dry weight, compared to no lime, had much 
lower shoot dry weight in all sands than lime in wet topsoil.  
When no lime was supplied and the topsoils were wet, drying in subsoil had no 
effect on shoot weight (Table 4.14). However, drying of topsoil and no lime in topsoil cause 
plant mortality in TK and KC, while shoot dry weight in unlimed PK was significantly 
higher with wet topsoil and dry subsoil compared with dry topsoil and wet subsoil. 
Table 4.13 Interaction effect of lime application and soil moisture regime on soil pH 
(CaCl2). (TK- Tramkak 1; PC- Ponhea Krek 1; KC- Kampong Chhnang 4). 
Values are means of 4 replications. Experiment 3. 
Treatment code Treatment Details 
pH (1:5 CaCl2) 
0-15 cm 15-35 cm 
TK 
TK-T1 Lime, wet top, dry subsoil 6.0 4.3 
TK-T2 No lime, wet top, dry subsoil 4.7 4.3 
TK-T3 Lime, dry top, wet subsoil 5.9 4.3 
TK-T4 No lime, dry top, wet subsoil 4.6 4.3 
TK-T5 Lime, Wet top, wet subsoil 5.9 4.4 
TK-T6 No lime, Wet top, wet subsoil 4.7 4.3 
LSD (P ≤ 0.05)   0.2 0.12 
PK1 
PK-T1 Lime, wet top, dry subsoil 5.6 3.9 
PK-T2 No lime, wet top, dry subsoil 4.1 3.9 
PK-T3 Lime, dry top, wet subsoil 5.5 3.9 
PK-T4 No lime, dry top, wet subsoil 4.1 4.0 
PK-T5 Lime, Wet top, wet subsoil 5.5 3.9 
PK-T6 No lime, Wet top, wet subsoil 4.1 3.9 
LSD (P ≤ 0.05)   0.1 0.06 
KC 
KC-T1 Lime, wet top, dry subsoil 5.6 4.4 
KC-T2 No lime, wet top, dry subsoil 4.8 4.4 
KC-T3 Lime, dry top, wet subsoil 5.4 4.3 
KC-T4 No lime, dry top, wet subsoil 4.8 4.4 
KC-T5 Lime, Wet top, wet subsoil 5.6 4.4 
KC-T6 No lime, Wet top, wet subsoil 4.9 4.4 
LSD (P ≤ 0.05)   0.11 0.07 
4.3.4.4 Root dry weight 
Responses of root dry weight to lime and soil water regime closely followed 
the pattern of shoot dry weight responses (Table 4.14). The one exception was in PK, 
where dry subsoil together with unlimed topsoil stimulated root weight in 0-15 cm 
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depth. No roots grew in dry subsoil whether the topsoils were limed or not. Highest 
root dry weight in subsoil occurred when topsoil had been limed. When topsoils were 
limed, more roots grew in the subsoil if the topsoil was dry. 
Table 4.14 Interaction effect of lime application and soil moisture regime on dry 
shoot and dry root weight and nodule number. Values are means of 4 
replications.  (TK- Tramkak 1; PC- Ponhea Krek 1; KC- Kampong 
Chhnang 4). Experiment 3. 







g/plant g/plant g/plant no/plant 
TK 
 
TK-T1 Lime, wet top, dry subsoil 5.59 0.97 0.00 32 
TK-T2 No lime, wet top, dry subsoil 0.48 0.11 0.00 0 
TK-T3 Lime, dry top, wet subsoil 3.81 0.40 0.18 12 
TK-T4 No lime, dry top, wet subsoil 0.00 0.00 0.00 0 
TK-T5 Lime, Wet top, wet subsoil 6.67 0.85 0.10 27 
TK-T6 No lime, Wet top, wet subsoil 0.22 0.04 0.00 1 
LSD (P ≤ 0.05)  0.504 0.149 0.024 10.6 
PK 
 
PK-T1 Lime, wet top, dry subsoil 8.82 1.24 0.00 72 
PK-T2 No lime, wet top, dry subsoil 2.60 0.56 0.00 25 
PK-T3 Lime, dry top, wet subsoil 4.03 0.46 0.17 23 
PK-T4 No lime, dry top, wet subsoil 1.64 0.29 0.05 4 
PK-T5 Lime, Wet top, wet subsoil 8.63 0.98 0.13 38 
PK-T6 No lime, Wet top, wet subsoil 2.00 0.34 0.03 7 
LSD (P ≤ 0.05)  0.810 0.197 0.028 18.1 
KC 
 
KC-T1 Lime, wet top, dry subsoil 4.61 0.56 0.00 36 
KC-T2 No lime, wet top, dry subsoil 1.05 0.15 0.00 2 
KC-T3 Lime, dry top, wet subsoil 2.35 0.17 0.08 16 
KC-T4 No lime, dry top, wet subsoil 0.00 0.00 0.00 0 
KC-T5 Lime, Wet top, wet subsoil 4.63 0.47 0.03 41 
KC-T6 No lime, Wet top, wet subsoil 1.68 0.18 0.02 13 
LSD (P ≤ 0.05)  0.726 0.101 0.015 15.9 
 
In TK, without lime added, no roots grew into the subsoil, regardless of whether 
topsoils were wet or dry. By contrast, a small amount of root dry weight was recovered 
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in subsoil of unlimed PK, regardless of soil water in the topsoil. In KC, roots only grew 
into the subsoil of unlimed columns if the whole profile was wet. 
4.3.4.5 Nodules 
Lime application to the wet profile strongly increased nodule number, 
especially in TK soil, where unlimed soils had only one nodule/plant compared to 27 
in limed soil (Table 4-13). In limed soils, drying of subsoil increased nodule number 
per plant in PK but not in other soils. By contrast, dryness in limed topsoils decreased 
nodule number in KC but not in other soils. 
In unlimed TK, drying topsoil or subsoil prevented any nodule formation and 
strongly depressed nodule number in KC soil but had no significant effect in PK. 
4.3.4.6 Relationship between root dry weight and nodulation with shoot dry weight 
Considering all treatments, shoot dry weight for each soil was highly 
correlated with root dry weight (r2 greater than 0.9) (Figure 4.6). and nodule number 
( r2 between 0.81-0.98) (Figure 4.7). 
 
Figure 4.6 Relationship between root dry and shoot dry weight on three sands (TK- 
Tramkak 1; PC- Ponhea Krek 1; KC- Kampong Chhnang 4). Values are 
means of four replications. Experiment 3. 
y = -25.172x3 + 28.18x2 + 2.087x + 0.0133
R² = 0.9998
y = -21.243x3 + 45.334x2 - 19.906x + 4.3861
R² = 0.9433




































Figure 4.7. Relationship between nodule number and shoot dry weight on three sands 
(TK- Tramkak 1; PC- Ponhea Krek 1; KC- Kampong Chhnang 4). Values are means 
of 4 replications. Experiment 3. 
 
4.3.4.7 Root length 
In TK and PK, neither lime nor soil water treatments affected main root length 
on account of the highly variable amounts of roots among replications (Table 4.14). In 
KC, only the effect of lime in the well-watered profile significantly increased main 
root length. 
Omitting lime from topsoil strongly depressed secondary root number 
especially in TK, where they were very few roots in unlimed soil. Overall, there was 
more prolific secondary root formation in PK, especially at 2 to 10 cm and there were 
more secondary roots below 10 cm in this soil too.  
  
y = -0.0076x2 + 0.4267x + 0.096
R² = 0.98
y = -0.0012x2 + 0.205x + 0.3794
R² = 0.81





































Table 4.15 Interaction effect of lime application and soil moisture regime on main 
root length and numbers of secondary roots separated by depth. (TK- 
Tramkak 1; PC- Ponhea Krek 1; KC- Kampong Chhnang 4). Values are 
means of 4 replications. Experiment 3. 
Treatment Treatment Details 
Main root 
Length (cm) 










TK-T1 Lime, wet top, dry subsoil 10.3 19 9 3 0 31 
TK-T2 No lime, wet top, dry subsoil 9.1 1 1 1 0 3 
TK-T3 Lime, dry top, wet subsoil 13.9 5 8 4 0 17 
TK-T4 No lime, dry top, wet subsoil - - - 0 - - 
TK-T5 Lime, Wet top, wet subsoil 13.4 17 7 2 0 26 
TK-T6 No lime, Wet top, wet subsoil 9.7 0 1 0 0 1 
LSD (P ≤ 0.05)  5.43 2.8 2.6 3.0 0.3 5.6 
PK  
PK-T1 Lime, wet top, dry subsoil 13.2 24 14 14 1 53 
PK-T2 No lime, wet top, dry subsoil 14.6 11 7 1 0 19 
PK-T3 Lime, dry top, wet subsoil 14.5 14 12 16 3 45 
PK-T4 No lime, dry top, wet subsoil 10.7 9 6 2 0 17 
PK-T5 Lime, Wet top, wet subsoil 15.2 19 13 13 1 46 
PK-T6 No lime, Wet top, wet subsoil 12.0 10 9 1 1 21 
LSD (P ≤ 0.05)  10.05 4.6 5.2 4.6 1.5 8.2 
KC  
KC-T1 Lime, wet top, dry subsoil 9.9 12 8 1 1 22 
KC-T2 No lime, wet top, dry subsoil 7.9 6 2 1 0 9 
KC-T3 Lime, dry top, wet subsoil 10.1 9 6 0 1 16 
KC-T4 No lime, dry top, wet subsoil 0.0 - - - - - 
KC-T5 Lime, Wet top, wet subsoil 12.8 14 10 1 0 25 
KC-T6 No lime, Wet top, wet subsoil 8.8 8 6 1 1 16 
LSD (P ≤ 0.05)  3.55 5.2 2.3 1.9 1.3 6.3 
 
4.3.4.8 Leaf nutrient concentrations 
For TK and KC sands, leaf N concentration was significantly higher with 
unlimed soil (Table 4.15). By contrast, in PK, no lime and dry topsoil decreased leaf 
N concentration relative to other treatments. 
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Like leaf N concentration, leaf P concentration tended to be higher in unlimed 
soil than in limed soils although the differences were not significant in PK (Table 
4.15). In limed soil, dry topsoil strongly depressed leaf P concentration to values 
ranging from 0.17 % in TK, 0.18 % in PK and to 0.22 % in KC. Only in PK did mung 
bean grow in unlimed dry topsoil and here leaf P concentration was only 0.15 %. 
Potassium and Mg concentration generally decreased in leaves with lime 
treatments, but all concentration exceeded 1.9 % for K and 0.3 % for Mg (Table 4.15). 
Lime increased leaf Ca concentration in PK and KC soils but not in TK (Table 
4.15). All leaf Ca concentration exceeded 0.8 %. 
In unlimed TK, mung bean leaves had extremely high Mn concentration at 
about 2300 mg/kg (Table 4.15). Lime treatment decreased leaf Mn concentration, but 
concentration still ranged from 380 mg/kg with wet topsoil and dry subsoil to 495 
mg/kg with dry topsoil and wet subsoil. In unlimed PK and KC, leaf Mn concentration 
ranged 520 to 605 mg/kg. Lime application on this soil strongly decreased leaf Mn 
concentration, especially in PK. 
Lime application decreased leaf Zn from values ranging from 90 to 176 mg/kg 
down to values ranging from 35 to 70 mg/kg (Table 4.15). 
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Table 4.16 Interaction effect of lime application and soil moisture regime on nutrient 
concentration in mung bean youngest mature leaves at flowering stage. 
Values are means of 4 replications. (TK- Tramkak 1; PC- Ponhea Krek 1; 
KC- Kampong Chhnang 4). Experiment 3. 
















TK-T1 Lime, wet top, dry subsoil 2.72 0.27 2.29 0.82 0.44 380 38 
TK-T2 No lime, wet top, dry subsoil 4.25 0.42 4.35 0.92 0.51 2315 176 
TK-T3 Lime, dry top, wet subsoil 3.04 0.17 2.55 0.81 0.39 495 42 
TK-T4 No lime, dry top, wet subsoil Missing data   
TK-T5 Lime, Wet top, wet subsoil 2.83 0.28 2.32 0.83 0.51 480 43 
TK-T6 No lime, Wet top, wet subsoil 4.12 0.37 4.01 1.01 0.51 2358 158 
LSD (P ≤ 0.05)  0.37 0.05 0.47 0.15 0.05 211.6 5.9 
PK 
PK-T1 Lime, wet top, dry subsoil 3.46 0.23 1.93 1.66 0.40 45 37 
PK-T2 No lime, wet top, dry subsoil 3.83 0.26 3.20 0.94 0.50 580 131 
PK-T3 Lime, dry top, wet subsoil 3.39 0.18 2.35 1.57 0.30 154 35 
PK-T4 No lime, dry top, wet subsoil 3.18 0.15 2.80 0.94 0.36 520 90 
PK-T5 Lime, Wet top, wet subsoil 3.48 0.26 2.06 1.98 0.38 96 38 
PK-T6 No lime, Wet top, wet subsoil 4.05 0.29 3.40 1.10 0.46 555 120 
LSD (P ≤ 0.05)  0.38 0.04 0.45 0.23 0.05 63.2 12.4 
KC 
KC-T1 Lime, wet top, dry subsoil 3.43 0.34 3.30 1.50 0.50 147 70 
KC-T2 No lime, wet top, dry subsoil 4.76 0.42 4.50 0.92 0.48 550 150 
KC-T3 Lime, dry top, wet subsoil 4.04 0.22 3.50 1.50 0.40 190 60 
KC-T4 No lime, dry top, wet subsoil Missing data     
KC-T5 Lime, Wet top, wet subsoil 3.70 0.35 3.45 1.64 0.48 172 67 
KC-T6 No lime, Wet top, wet subsoil 4.54 0.41 4.60 1.14 0.53 605 162 
LSD (P ≤ 0.05) 0.41 0.06 0.75 0.26 0.08 123.0 24.6 
4.4 DISCUSSION 
4.4.1 Initial soil pH 
Initial pH of the three sands was very low. This may lead to soil acidity 
constraints particularly Al toxicity and Mn toxicity but also to a range of nutrient 
deficiencies (Robson 1989). In the initial PK soil, Al saturation was close to 60 %, 
which is the lower threshold at which most crops are affected by Al toxicity and within 
the range where severe effects occur in sensitive crops such as mung bean (Sanchez et 
al. 2003). In KC and TK, Al saturation was in the range 10 – 60 %, which is potentially 
harmful to sensitive crops only. According to Dierolf et al. (2001), generally mung 
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bean is sensitive to Al toxicity. Wade et al. (1988; cited in Bell 1991) report that the 
critical Al saturation level for mung bean is only 5 %. Hence on the basis of initial pH 
and Al saturation, mung bean growth on unlimed soil was expected to be limited by 
Al toxicity especially in PK. The final soil pH after harvesting had risen by 0.6-0.7 pH 
unit to 4.7 in PK and 4.9 in KC and 5.2 in TK. Hence the actual level of Al toxicity 
during mung bean growth was somewhat less than predicted from pre-planting values. 
Indeed, in Experiment 2, final exchangeable Al level in soil after harvest were 
uniformly low in all three soils. Mineralisation of crop residues is known to increase 
pH in soils, and on sands with low pH buffering capacity, changes are greater than on 
well buffered soils (Tang and Yu 1999). While greater uptake of anions than cations 
can increase rhizosphere pH (Tang et al. 2011), that is less likely to occur after growing   
mung bean since plants were well nodulated and soil total N was not high (Table 4.1). 
Final exchangeable Mn levels were relatively high especially in TK where 
the value in the unlimed subsoil was 10 mg/kg. Leaf Mn concentrations in unlimed TK 
exceeded the critical toxicity value of 800 mg/kg for mung bean (Bell 1991) in both 
Experiments 2 and 3. In PK, the leaf Mn in unlimed soil varied among the three 
experiments but was at or above 800 mg/kg in Experiments 1 and 2, indicating Mn 
toxicity. In unlimed KC, only the Mn concentrations in Experiment 2 were close to the 
critical value for toxicity (755 vs 800 mg/kg). In all sands and experiments, adding 
lime, even at low rates, depressed leaf Mn concentration and in most cases the Mn 
concentration in the limed mung bean was below the critical toxicity concentration. 
On the basis of pH, Mn level in the soil during Experiment 2 and leaf Mn 
concentrations in unlimed sands, Mn toxicity was expected to limit mung bean growth 
in unlimed TK soil, to a lesser extent in PK and perhaps on marginally in KC in 
Experiment 2. 
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While most acid soil research has focused on Al toxicity, Mn toxicity is often 
overlooked (Foy et al. 1988). Manganese toxicity occur at pH < 5.5 in well drained 
soils such as the sands in the present study, but can occur at pH 6 or higher when 
waterlogging occurs. Hence on sands in Cambodia, when pH is less than 5.5 Mn 
toxicity is a risk. However, excess wetness on sands in the monsoon season or 
following flood irrigation, particularly those with significant silt and clay content (see 
Chapter 2), Mn toxicity may be risk even with pH of 6 or above. The major effect of 
soil redox status on Mn availability (Schlichting and Sparrow. 1988) limits the 
reliability of soil tests for predicting the occurrence of Mn toxicity. Furthermore, the 
results from pot experiments on Mn toxicity can be unreliable due to the initial drying 
and re-wetting of soils which can release soluble Mn, the absence of subsoil supply of 
Ca which inhibits Mn uptake, and the uniform moisture and aeration in potted soils in 
the glasshouse relative to the field. In the field experiment on PK soil, Mn toxicity in 
mung bean was confirmed, but not in the TK soil (see Chapter 6). Rayment and Verrall 
(1980) reported that for DTPA Mn, the limiting values ranged from 60 mg/kg for white 
clover to 400 mg/kg for kikuyu. However, these DPTA Mn concentrations greatly 
exceeded the initial values for the three study soils which ranged from 0.6 mg/kg in 
KC to 8.5 mg/kg in TK. Due to the range of soil factors that affect soluble Mn 
concentrations in soils, selection for plant tolerance is often favoured as the strategy to 
minimizing its effects (Foy et al. 1988). 
4.4.2 Optimum lime rate and pH 
Soil pH responded strongly to lime even at rates as low as 0.13 t/ha. Due to 
low organic matter and clay content, these sands evidently had low pH buffer capacity. 
Hence, low rates of lime may be adequate on such sands relative to those required on 
clay soils. Nevertheless, there were substantial differences among the sands in the pH 
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response to lime and in the optimum rate of lime for maximum growth of mung bean.  
Near maximum growth of mung bean (90-95 % of maximum) was achieved 
at 0.65-0.78 t of lime/ha in PK and 0.44-0.55 t of lime/ha in KC. These rates were 
different from those predicted by the incubation methods which suggested that to reach 
optimum pH value (6.5), 1.58 and 0.25 t of lime/ha were required for PK and KC, 
respectively. In part the difference is that optimum growth occurred at pH 5.3-5.8 
rather than 6.5 so less lime is required than the incubation suggests. However, lime 
rates chosen in Experiment 2 were based on the incubation method and on PK 
exceeded the minimum required while on PK and probably on TK underestimated the 
required rate. This suggests that caution should be applied with the incubation method 
because it neither consistently over-estimated nor under-estimated the lime requirement. 
Hence there was no obvious explanation for the inconsistency that can be attributed to 
the methodology used.  Nevertheless, on all soils a range of rates were applied so that 
it was possible to investigate mung bean growth responses to lime and pH.  
The pH (CaCl2) associated with near maximum growth was 5.32-5.47 in PK 
and 5.64 - 5.80 in KC. These values are much higher than required to alleviate Al toxicity 
(pH 4.3-4.8; Slattery et al. 1999). They are more consistent with the range of pH required 
to correct Mn toxicity (Foy et al. 1988) or deficiencies associated with acidity (e.g. Mo). 
Since Mo was added as a basal nutrient to soils, it again points to the likely importance 
of Mn toxicity as the limiting factor for mung bean growth on these sands. 
4.4.3 Beneficial effect of lime 
Lime increased shoot growth by 557 % for PK and 552 % for KC. The 
increase in shoot growth was related to increased root dry weight, increased nodule 
number and to decreased leaf Mn concentrations. A beneficial effect of lime on root 
dry weight and on nodule number is also consistent with alleviation of Al toxicity 
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which is known to inhibit nodule formation and function, and may also inhibit the free-
living rhizobium in acid soils (Jaiswal et al. 2018). 
As outlined above, many factors can be constraints in acid sands for plant 
growth and commonly multiple limitations co-occur. In unlimed soil, leaf Ca 
concentrations were generally > 0.8 % in all soils and this indicates an adequate uptake 
of Ca into the shoot. In legumes, Ca concentrations in a young mature leaf > 0.3 % 
generally indicate adequate internal supply of Ca for growth (Bell et al. 1989). Hence, 
among these sands, Ca deficiency is not likely to be a causal factor associated with 
poor growth of mung bean in unlimed soils. 
In the present experiment, basal nutrients were added to supply other essential 
elements (P, K, Mg, S, B, Mn, Fe, Zn, Cu and Mo) to minimise the confounding effects 
of Al toxicity on nutrient availability, root function and nutrient uptake. In unlimed 
sands, leaf N, P, K, Mg, and Zn concentrations were generally highest and 
concentrations of N, P, K and Zn were above critical levels for seed yield in mung 
bean according to Bell (1991). This indicates that growth in unlimed soil was not 
limited by N, P, K, Mg and Zn. The lowest rate of lime added (0.5 t/ha) decreased 
concentrations of all these nutrients plus those of Mn. When shoot growth increases 
substantially while nutrient concentrations in the young mature leaf decline, this 
indicates that nutrient dilution has occurred and can be used to infer that growth was 
not limited primarily by deficiencies of these elements in the soil.  Nevertheless, leaf 
N concentrations in PK dropped in limed soil to well below 3.8 % N which is regarded 
as the minimum level for unlimited grain yield in mung bean (Bell 1991). This may 
indicate that N fixation was hampered in PK by a low level of lime application, but the 
leaf N did increase marginally to 3.5 % N at 1.5 t of lime/ha. 
Phosphorus concentrations with 0.5 t of lime/ha dropped below 0.3 % and 
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according to the criteria reported by Bell (1991) were P deficient. In the case of PK, 
further increases in lime increased leaf P and growth. By contrast in KC, further 
increases in lime depressed leaf P further to values of 0.23 % at 2 t/ha and 0.19 % at 6 
t/ha in Experiment 1. In Experiment 2, with lime added leaf P concentrations were 
generally below 0.3 %. Hence the leaf analysis results suggest that P availability was 
hampered on TK, PK and KC, and that liming to overcome acidity helped to alleviate 
this constraint but further research to optimise the levels of P fertiliser that might be 
needed to completely alleviate P deficiency risk. 
Applying 3 t/ha or more lime significantly decreased shoot dry weight on both 
soils. The overliming effect on mung bean growth at 3-6 t/ha may be associated with 
an induced P deficiency on KC soil and perhaps by decreased Zn availability on both 
KC and PK. There was no evidence that overliming induced Mg deficiency in mung 
bean, despite the low initial exchangeable Mg levels in all three sands (Table 4.1). 
Effects of overliming on deficiency of the elements that were not analysed in leaves 
(B, S and Cu) cannot be ruled out. 
4.4.4 Depth of lime incorporation 
While Experiment 1 reflects the homogenous mixing of lime throughout the 
root zone as a fine, reactive powder of a pure source of CaCO3, field application 
involves less ideal incorporation and often lime sources with less than 100 % 
neutralizing value.  In Experiment 2, the benefits of shallow mixing of lime compared 
to deeper incorporation were investigated. The rationale for this treatment is to 
understand the possible implications of shallow incorporation of lime on sands in 
south-eastern Cambodia since farmers reliant on animal draft for ploughing may only 
achieve shallow mixing of the lime. The question is whether this would be effective? 
Will shallow incorporated lime release mobile alkalinity that achieves subsoil pH 
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amelioration and how sensitive is this to rate of application? 
Lime applied in the 0-7.5 cm layer increased pH (CaCl2) in relation to the rate 
applied. So for example, on PK, application of 0.79 t/ha increased pH (CaCl2) from 
4.65 to 6.34 while 1.58 t of lime/ha increased pH to 6.70.  Similarly, mixing of lime in 
the 0-15 cm layer achieved substantial pH (CaCl2) increases in the 7.5-15 cm layer.   
Of particular interest was the increase in pH (CaCl2) in the 7.5 -15 cm layer 
even when it was only mixed directly in the layer above (i.e. 0-7.5 cm). The pH 
increase in the subsurface (7.5-15 cm) layer varied with rate of surface application and 
sand type. There was no significant increase in 7.5-15 cm pH (CaCl2) with the 0.79 
t/ha rate mixed in 0-7.5 cm in PK. This soil has a clay content of 9 % compared to ~ 2 
% in other sands. Doubling the rate of lime mixed in the surface did however increase 
subsurface pH (CaCl2) from 4.01 to 4.33. By contrast, on the other sands even low 
lime rates (0.13 to 0.35 t/ha) mixed in the surface 0-7.5 cm layer resulted in a 
significant 0.2 pH (CaCl2) unit increase in subsurface pH. Doubling the rate increased 
subsurface pH (CaCl2) by 0.4 pH (CaCl2) units in KC or by 0.8 pH (CaCl2) units in 
TK. Hence these results suggest there is a reasonable prospect that lime rates calculated 
for 0-15 cm depth could be incorporated in a shallower depth in anticipation that over 
a relatively short period of time alkalinity would be leached into the subsoil and 
ameliorate acidity to improve subsoil root growth. However, this needs to be tested in 
the field (see Chapter 6 below). Moreover, the possible leaching of alkalinity deeper 
into the subsoil and the length of time taken for effective subsoil pH increase is of 
practical interest and needs field investigation. 
4.4.5 Liming in relation to topsoil and subsoil drying 
In rainfed environments such as Cambodia, drying of topsoil and or subsoil 
may occur intermittently during the rainy season affecting the availability of lime and 
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crop response. Drying of the unlimed soils at its most extreme in strongly acid TK and 
KC sands caused plant death.  By contrast, drying of the topsoil of PK strongly 
depressed growth but did not cause mortality.  These results can be attributed to the 
lower pH in unlimed subsoil than topsoil. In addition to higher pH, topsoils probably 
contain higher soluble P, S, Ca and soluble organic molecules all of which can decrease 
Al3+ ion activity and hence the toxicity of Al3+ (Alva et al. 1986a,b). Hence there 
appears to be a high risk to the survival and productivity of rainfed mung bean when 
topsoils dry out during the growing season if the subsoil is highly acid with high Al 
levels. However, even when the topsoil and subsoil were both kept well watered, 
acidity strongly depressed mung bean growth on all three sands.  
Lime application strongly increased mung bean growth when the whole 
profile was well watered. Lime application was less effective if the topsoil only was 
well watered. And even if the topsoil was allowed to dry, mung bean responded 
strongly to the topsoil liming. Hence these results relate to the scenario where soil 
water is sufficient for planting seeds and to allow initial dissolution of lime. In this 
case subsequent topsoil drying depressed response to lime but did not negate it. Indeed 
with the limed but dry topsoil there was a strong stimulation of subsoil root growth on 
all three sands. Despite the increase in subsoil root dry matter, root number was 
depressed and overall leaf P concentrations were strongly depressed by dry topsoil 
with or without topsoil liming.  
4.4.6 Implications for treatment of acid soils 
This and other studies (e.g. Hin et al. 2010; Seng et al. 1999, 2004) point to 
Al toxicity and Mn toxicity in acid soils of Cambodia as a widespread constraint for 
crop production, especially upland crops. Lime application is the most effective 
treatment for low pH in the topsoil. Hence it is worthwhile to consider the implications 
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of the present study for the development of a set of liming recommendations for crops 
in Cambodia. Such a strategy will have to be based on field trials which are reported 
in Chapter 6, but the key considerations are briefly discussed below. 
Lime varies in quality depending on the source of material and its preparation. 
Firstly, the neutralising power depends on the composition of reactive lime in the 
material and secondly the fineness of the material affects the rate at which it reacts in 
the soil to neutralize acidity. Hence locally available lime sources in Cambodia, such 
as deposits in Kampot, need to be assessed for quality. Varied qualities of lime are 
acceptable for use but adjustments to the rates applied need to be made, depending on 
prior knowledge of the quality. The method of lime incorporation affecting the 
thoroughness of and depth of mixing will also affect the rate of pH change.  
Rainfall and soil water affect the rate of dissolution of lime.  In rainfed soils, 
topsoil dryness may result in slower pH change. Hence the positive benefit from lime 
application may not be great in a dryland soil in the first year of application but 
increase over following years: a delay in response to lime in dryland environments has 
been reported by soils in south-west Australia (Anderson and Bell 2019). Nevertheless, 
the initial dissolution of topsoil lime was sufficient in the pot experiment to strongly 
stimulate mung bean growth and subsoil root dry weight even though topsoil 
subsequently dried and depressed plant growth and P uptake. 
Crop species vary considerably in acid tolerance (Dierolf et al. 2001). 
Moreover, the ranking among crops in tolerance to high Al is likely to differ from 
relative tolerance to high Mn.  Mung bean is quite sensitive to both high Mn and Al 
while alternative crops for sands of south-east Cambodia such as cassava, peanut and 
upland rice exhibit much greater Al tolerance (Dierolf et al. 2001). Hence the decision 
to lime may be much more critical to productive cropping where sensitive crops like 
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mung bean and soybean are commonly grown in the rotation. However, for many 
species, cultivar variation in tolerance to Al and Mn can be exploited to improve crop 
performance on acid soils (Tang et al. 2002; Foy et al. 1988). 
Another question for field testing is the residual value of the lime.  Clearly 
this will vary with the rate applied, but based on minimum effective rates of lime (0.6-
0.8 t/ha in this study) the length of time on different soils before re-application is 
required needs to be assessed in long term trials. 
4.5 CONCLUSION 
In summary, strong growth responses were obtained with relatively low lime 
rates (<0.5 t/ha), but multiple limitations were evident for growth of mung bean on 
three acid sands. Near maximum growth of mung bean (90-95 % of maximum) was 
achieved at 0.6-0.76 t of lime/ha in PK and 0.4-0.65 t/ha in KC. The pH (CaCl2) 
associated with near maximum growth was 5.32-5.47 in PK and 5.64 - 5.80 in KC. In 
unlimed sands, leaf Mn concentrations suggested severe Mn toxicity in TK, to a lesser 
extent in PK and only variably in KC. Lime at 0.5 t/ha reduced Mn concentrations to 
suitable values for mung bean growth. Lime also strongly stimulated nodule formation 
in mung bean, but resulted in marginal or deficient levels of leaf P. Further research in 
the field will be needed to design an optimal lime and nutrient programme for these 




In Chapter 4, near maximum growth of mung bean (90-95 % of maximum) 
was achieved at 0.65-0.78 t of lime/ha in Ponhea Krek (PK) and 0.44-0.55 t of lime 
/ha in Kampong Chhnang (KC) sands. The pH (CaCl2) associated with near maximum 
growth was 5.32-5.47 in PK and 5.64 - 5.80 in KC. In unlimed sands, leaf Mn 
concentrations suggested severe Mn toxicity, especially in TK. Lime (CaCO3), at 1 
t/ha, reduced Mn concentrations to suitable values for mung bean growth. Lime also 
strongly stimulated nodule formation in mung bean, but resulted in marginal or 
deficient levels of leaf P. In summary, strong growth responses were obtained with 
relatively low lime rates.  
The results from pot experiments in Chapter 4 are relevant to the treatment of 
topsoil acidity. However, the profile analysis reported in Chapter 2 and 3 identified 
acidity and potential Al toxicity in subsoils as well as in the topsoil of many of the 
sand profiles examined from four study areas in south-eastern Cambodia. Acidity in 
the subsoil may hamper crop growth by restricting root growth and depth and hence 
limiting soil water uptake. In a rainfed environment where drying of the topsoil 
commonly occurs, the ability of roots to grow into the subsoil to acquire stored soil 
water is critically important to achieving yield potential (Tang et al. 2002). To alleviate 
the constraints due to subsoil acidity, genotypes that have greater tolerance of acidity 
may be selected (Tang et al. 2002). Alternatively, higher rates of lime may result in 
migration of alkalinity into the subsoil (Whitten et al. 2000). The mixing of lime in the 
CHAPTER 5.  EFFECTS OF APPLICATION RATES, DEPTH 
OF INCORPORATION AND FORMS OF LIMING MATERIAL ON 
pH AND CATION LEVELS OF ACID SANDS UNDER REPEATED 
LEACHING EVENTS 
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subsoil is another option for directly and rapidly treating subsoil acidity, but generally 
less attractive due to the added cost of such operations.  
In Chapter 4, it was reported that lime applied to dry topsoil was much less 
effective than to wet topsoil. Hence there is a need to determine the potential for 
alleviation of soil acidity in the subsoil from application of lime material to the topsoil. 
Whitten et al. (2000) reported that subsoil migration of alkalinity below the depth of 
lime incorporation was slow unless rates applied exceeded those needed to correct 
topsoil acidity. Rates of 2-5 t of CaCO3/ha showed increases in pH to 40 cm depth 
even though the lime was mixed in 0-10 cm. However, the rate of increase in subsoil 
pH was relatively slow especially in a dryland environment.  Higher rainfall such as 
occurs in the monsoon season in Cambodia may accelerate the rate of alkalinity 
migration. Lime products with greater solubility than CaCO3 may be more effective in 
alleviating subsoil acidity. The relative efficacy of such treatments for subsoil acidity 
on acid sands of Cambodia has not been determined. 
The present study aims to determine the effects of application rates, depth of 
incorporation and forms of liming material on the pH and cation levels of acid sands 
within the depth of incorporation and below it under repeated leaching events to 
simulate wet season rainfall. A second experiment investigated the effect of time after 
irrigation on soil solution and leachate chemical properties. 
5.2 MATERIALS AND METHODS 
5.2.1 Experiment 1 
5.2.1.1 Sand collection and location 
Experiment 1 was conducted in a glasshouse at CARDI. Three contrasting 
sands, namely Kampong Chhnang 4 (KC: coarse sand formed on granite with 2 % 
clay), Ponhea Krek 1 (PK: fine sand formed on old alluvium 9 % clay), and Tramkak 
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1 (TK: fine sand formed on quartzite/sandstone with 2 % clay) were selected for this 
study (see further details of soils in Chapter 2). In the column experiment, water did 
not drain through the PK sand and hence no soil solution samples could be collected.  
Only results from the KC and TK sands are reported in this Chapter.  Sand samples 
were collected separately in the field from two layers: 0-18 and 15-55 cm depth for 
TK and 0-15 and 15-34 cm for KC.  Initial soil pH (CaCl2) after collection was:  
Tramkak 1- 4.45 in 0-15 cm, 5.03 in 15-35 cm; Kampong Chhnang 4- 4.38 in 0-15 
cm, 4.83 in 15-35 cm. 
5.2.1.2 Method of lime application 
Each sand was treated with laboratory grade, powder-form CaCO3 and 
Ca(OH)2 as follows: 
 
The experimental design was randomized complete block design with 4 
replications.  
Based on findings in Chapter 4, lime (CaCO3) rates of 1 t/ha are sufficient to 
correct acidity constraints on TK and KC sands. A higher CaCO3 rate (2 t/ha) was used 
to increase the likelihood of migration of alkalinity to the subsoil and Ca(OH)2 was 
added based on its greater solubility and hence potential for alkalinity migration to the 
Treatment 
code 
Type of lime  
Lime rate (t/ha) 
Method of lime application 
T0 CaCO3 0 Control 
T1 CaCO3 1 Incorporate within 0-5 cm depth 
T2 CaCO3 2 Incorporate within 0-5 cm depth 
T3 CaCO3 1 Incorporate within 0-10 cm depth 
T4 CaCO3 2 Incorporate within 0-10 cm depth 
T5 CaCO3 1 Incorporate within 0-15 cm depth 
T6 CaCO3 2 Incorporate within 0-15 cm depth 
T7 Ca(OH)2 0.74 Incorporate within 0-5 cm depth 
T8 Ca(OH)2 1.48 Incorporate within 0-5 cm depth 
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subsoil: it was added to supply the same rate of Ca as that with CaCO3 at 1 t/ha. 
5.2.1.3 Column construction and installation of Rhizon soil solution sampler 
Special PVC columns with 35 cm height and 10 cm diameter were 
constructed. Rhizon samplers, made of hydrophilic polymer with a pore diameter 0.1 
μm were inserted horizontally into the columns of T0, T1, T5 and T7 at 2.5 and 12.5 
cm depth from soil surface (Sharma et al. 2015). These four treatments were chosen 
to give the largest range in soil solution properties. 
 Soil solution samples were obtained from a Rhizon sampler by attaching an 
evacuated 10 ml glass-sampling vial sealed with a rubber stopper containing a septum 
for injecting solution samples.  
For leachate collection, a short tube filed with glass wool was inserted in a 
hole at the end cap of the columns. Each column was sealed at the top with a plastic 
bag to avoid water loss between leaching events by evaporation. 
5.2.1.4 Leaching events and solution sampling 
According to daily rainfall distribution in Tramkak District, recorded in 2004, 
there were 12 heavy rainfall events (>25 mm/day) delivering in total 540 mm rainfall 
annually (CARDI, unpublished data). Equivalent annual heavy rainfall was applied by 
irrigating the column with 54 mm of de-ionised (DI) water every week. A total of 10 
irrigations were applied to each column. 
The soil solution and leachate were collected during the 24-h period following 
irrigation. Solutions and leachate were analyzed for pH and soluble Ca, Mn, Mg, K 
and Al as described in Chapter 4. 
5.2.1.5 Soil sampling 
After the completion of all leaching events, soil columns were sectioned into 
six depths (0-5, 5-10, 10-15, 15-20, 20-25, 25-30 cm). Each layer of soils was air dried 
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and sieved through a 2 mm sieve, and thoroughly mixed. 
Samples were analysed for pH, exchangeable Ca, Mn and Al according to the 
methods described above (Chapter 4).  
5.2.1.6 Statistical analysis 
For each sand type, a one-way analysis of variance was carried out for each 
depth and leaching event to determine the significant treatment effects using CropStat 
v7.2 software (IRRI, 2009). 
5.2.2 Experiment 2  
In Experiment 1, soil solution pH was higher than expected for acid soils. It 
was postulated that the collection of soil solution at 24 hours after watering may not 
have allowed sufficient equilibration time for soil solution acidity to be properly 
expressed. Hence this experiment aimed to investigate the effects of different times of 
solution collection after water irrigation on pH and composition of soil solution. 
5.2.2.1 Treatments 
The experiment was conducted in a glasshouse at Murdoch University. The 
experimental design was a randomized complete block design with four replications. 
An acid sand with pH (CaCl2) of 4.05 was collected from the field in Southwest West 
Australia. Lime (laboratory grade, fine powder-form 100 % CaCO3) was applied at 2 
t/ha to all pots and mixed to 10 cm depth, except the control (T0, no lime) 
Pots were irrigated and soil solution was extracted from separate pots at 1 
hour after watering (T0 and T1), 12 hours after watering (T2), 24 hours after watering 
(T3), and 48 hours after watering (T4), 
Each pot was subjected to four successive weekly leaching events. Each event 
comprised irrigation with 54 mm of DI water. 
Solution and leachate from events 1-4 were collected and stored in a freezer 
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at -20ºC. The pH was measured for all samples after thawing and solutions were then 
filtered through a 0.45 μm membrane filter and analysed for soluble Ca, Mn, Mg, K 
and Al by ICP-AES. 
5.2.2.2 Column construction and installation of Rhizon soil solution sampler 
Special PVC columns with 30 cm height and 10 cm diameter were 
constructed. Rhizon samplers were inserted horizontally into the columns at 2.5 and 
12.5 cm depth from soil surface. Soil solution samples were extracted from the Rhizon 
sampler by attaching an evacuated 10 ml glass-sampling vial sealed with a rubber 
stopper containing a septum for injecting solution samples.  
For leachate collection, a short tube filed with glass wool will be inserted in 
the end cap of the columns. The leachate was collected during the 24-h period 
following irrigation. It was analyzed for pH, EC, and soluble Ca, Mn, Mg, K and Al 
by the same methods as the soil solution. 
5.2.2.3 Statistical analysis 
For each depth and leaching event, one-way analysis of variance was carried 
out to determine the significant treatment effects for each depth using CropStat v7.2 
software (IRRI, 2009). 
5.3 RESULTS 
5.3.1 Experiment 1 
5.3.1.1 Solution pH 
5.3.1.1.1 Tramkak sand 
The soil solution pH of control columns was neutral during the 1st leaching 
event at 2.5 cm depth (Table 5.1). The pH of solution in the control at 2.5 cm depth 
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increased with later leaching events. 
At event 1, none of treatments had significant differences in soil solution pH. 
At events 2, 3, 6 and 10, pH in soil solution of T1 and T7 were not significantly 
different from that of the control. By contrast, pH in T5 was significantly lower than 
T7 at events 2, 3. At event 6 and 10, none of treatments had significant differences in 
soil solution pH. 
Solution pH of the control sand during event 1 at 12.5 cm depth was about 1 
unit pH lower than that at 2.5 cm depth (Table 5.1. From events 2 to 10, the pH in 
solution increased in the control. The increase of solution pH overtime at both 2.5 and 
12.5 cm depths in the control was similar (Table 5.1). Solution pH of T5 and T7 at 
12.5 cm depth were significantly increased during event 1 relative to the control sand. 
In general, all lime treatments increased solution pH at 12.5 cm depth at events 2, 3, 
6, and 10. At events 2 and 6, solution pH of T5 at 12.5 cm were higher that of T1. 
5.3.1.1.2 Kampong Chhnang sand 
In KC, solution pHs at 2.5 and 12.5 cm depth of control sand at event 1 were 
higher than those in TK soil (Table 5.1).  However, because solution pH of the control 
in KC remained steady over time, unlike the increase in TK, the final soil solution pH 
at event 10 was similar between KC and TK. At event 1, only Ca(OH)2 treatment 
increased solution pH at 2.5 cm depth. At events 2 and 3, all lime treatments increased 
solution pH at 2.5 cm, while at events 6 and 10 none of the solution pHs were 
significantly different. In general, all lime treatments increased solution pH at 12.5 cm 
depth from event 2 onwards, except event 3. 
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Table 5.1 Solution pH in soil solution at 2.5 and 12.5 cm depth in two sands. Values 
are averages of four replications. Experiment 1 
Treatment 





Event 1 Event 2 Event 3 Event 6 Event 10 Event 1 Event 2 Event 3 Event 6 Event 10 
TK (Tramkak 1) 
TK-T0 0 Control 6.98 7.36 7.34 7.52 7.60 6.03 6.44 6.51 6.74 6.76 
TK-T1 1, CaCO3 0-5 7.28 7.29 7.20 7.41 7.67 6.26 6.73 6.63 7.08 7.17 
TK-T5 2, CaCO3 0-15 7.10 7.18 7.08 7.35 7.62 6.65 6.99 6.92 7.07 7.28 
TK-T7 0.74, Ca(OH)2 0-5 7.75 7.47 7.22 7.42 7.35 6.51 6.74 6.71 6.99 7.26 
LSD (P ≤ 0.05)  ns 0.19 0.20 ns ns 0.32 0.24 0.19 0.19 0.36 
KC (Kampong Chhnang 4) 
KC-T0 0 Control 7.22 7.13 6.97 7.33 7.47 6.43 6.62 6.67 6.74 6.75 
KC-T1 1, CaCO3 0-5 7.35 7.46 7.27 7.46 7.67 6.57 6.69 6.93 6.98 7.54 
KC-T5 2, CaCO3 0-15 7.38 7.41 7.20 7.38 7.50 6.81 7.26 7.04 7.23 7.48 
KC-T7 0.74, Ca(OH)2 0-5 7.66 7.58 7.42 7.37 7.67 6.79 6.94 6.83 7.35 7.71 
LSD (P ≤ 0.05)  0.18 0.22 0.25 ns ns ns 0.27 ns 0.20 0.13 
 
5.3.1.2 Leachate pH 
The pH of the leachate from control columns of TK was 6.7 at event 1, which 
was 0.3 pH unit lower than soil solution pH at 2.5 cm depth but 0.7 unit higher than 
soil solution pH at 12.5 cm at event 1 (Table 5.2). In the control column, leachate pH 
increased over time. At the final leaching event, leachate pH was greater than solution 
pH, especially the soil solution pH at 12.5 cm. 
The T5 and T6 lime treatments of TK significantly increased leachate pH at 
events 2 and 3 (Table 5.2). In general, leachate pH of all treatment was increased 
over time. 
Leachate pH from control sand at event 1 of KC was similar to that of TK and 
it increased overtime to 7.7 at event 10, but remained lower than that in TK leachate by 
0.2 pH units (Table 5.2). Lime treatment had no consistent effects on leachate pH of KC.  
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Table 5.2 Leachate pH at 30 cm depth. Values are averages of four replications. 
Experiment 1. 
Treatment 
Treatment details Leachate pH at 30 cm from surface 
Lime rate (t/ha) depth (cm) Event 1 Event 2 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 6.70 7.08 7.07 7.43 7.93 
TK-T1 1, CaCO3 0-5 6.70 7.16 7.13 7.48 7.87 
TK-T2 2, CaCO3 0-5 6.68 7.06 7.00 7.28 7.73 
TK-T3 1, CaCO3 0-10 6.75 7.26 7.17 7.44 7.67 
TK-T4 2, CaCO3 0-10 6.88 7.41 7.27 7.46 7.68 
TK-T5 1, CaCO3 0-15 6.49 7.72 7.28 7.60 7.77 
TK-T6 2, CaCO3 0-15 6.63 8.20 7.40 7.44 8.01 
TK-T7 0.74, Ca(OH)2 0-5 6.66 7.41 7.40 7.40 7.83 
TK-T8 1.48, Ca(OH)2 0-5 6.60 7.35 7.32 7.40 7.96 
LSD (P ≤ 0.05)  ns 0.38 0.16 ns 0.19 
KC 
KCh-T0 0 Control 6.72 7.36 7.06 7.34 7.70 
KC-T1 1, CaCO3 0-5 6.64 7.25 7.12 7.36 7.72 
KC-T2 2, CaCO3 0-5 6.65 6.97 7.05 7.71 7.67 
KC-T3 1, CaCO3 0-10 6.61 7.11 6.96 7.29 7.79 
KC-T4 2, CaCO3 0-10 6.75 7.18 6.81 7.22 7.72 
KC-T5 1, CaCO3 0-15 6.33 7.25 7.32 7.64 7.66 
KC-T6 2, CaCO3 0-15 6.45 7.43 7.07 7.47 7.58 
KC-T7 0.74, Ca(OH)2 0-5 6.72 7.48 7.17 7.58 7.74 
KCh-T8 1.48, Ca(OH)2 0-5 6.35 7.30 7.19 7.43 7.60 
LSD (P ≤ 0.05)  ns 0.35 0.26 ns ns 
5.3.1.3 Soluble Ca in soil solution and leachate 
In the control TK sand at event 1, soil solution Ca extracted at 2.5 cm depth 
was only 2.5 mg/l and at the following events the soil solution Ca fluctuated between 
2.1 (event 3) and 14.8 mg/l (event 10) (Table 5.3).  
At 2.5 cm, lime treatment increased solution Ca significantly at event 1. The 
increase in T7 was greater than T5 and T5 greater than T1 (Table 5.3).  Calcium 
concentration in all lime treatments decreased over time from event 3 to 10. Calcium 
concentration of T1 decreased to that of the control at event 3, while Ca concentrations 
in other treatments continue to exceed the control until event 6. At event 10, there was 
no significant difference of Ca concentration between lime treatments and control. 
At 12.5 cm, initial soil solution Ca of control was double the Ca concentration 
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of control at 2.5 cm and at the following events, the Ca concentrations were in a similar 
range between 5.1(event 6) and 12.9 ml/l (event 10) to those at 2.5 cm depth (Table 
5.3). Treatment 5 increased Ca concentration at 12.5 cm depth at event 1. Significant 
increase of Ca was also found at event 3 and 6 in T5. Compared to control, the Ca 
concentration in lime treatments had no significant differences at event 10.  
In KC soil, at 2.5 cm depth, initial Ca concentration was only 1.6 mg/l, which 
is about 1 mg/l lower that in TK (Table 5.3). At the following leaching events in the KC 
control, Ca concentration remained low. At event 1, Ca in soil solution at 2.5 cm depth 
was significantly increased in T5 and T7. At 2.5 cm, T7 was the only lime treatment that 
increased the Ca concentration, relative to the control from events 1 to 10. However, in 
this treatment the Ca concentration declined from 106 mg/l at event 1 to 31 mg/l at event 
10. In T1, even though Ca concentration was not increased at event 1, it was increased 
from event 3 to 10.  Calcium concentration in T5 was increased to 51 mg/l at event 1, 
but it declined to 16.2 mg/l at event 3 and then to 3.7 mg/l at event 10). There was no 
significant difference of Ca concentration at event 10 in T5 compared to control. 
Table 5.3 Soluble Ca in soil solution at 2.5 and 12.5 cm depth. Values are averages 
of four replicates. Experiment 1. 
Treatment 
Treatment details Soluble Ca at 2.5 cm from surface (mg/l) Soluble Ca at 12.5 cm from surface (mg/l) 
Lime rate (t/ha) depth (cm) Event 1 Event 3 Event 6 Event 10 Event 1 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 2.54 11.57 2.08 14.79 5.73 9.78 5.07 12.81 
TK-T1 1, CaCO3 0-5 28.99 17.17 13.44 16.68 5.79 4.56 11.12 6.19 
TK-T5 2, CaCO3 0-15 116.19 20.26 48.02 10.90 34.71 24.50 16.84 25.13 
TK-T7 0.74, Ca(OH)2 0-5 179.11 88.80 67.23 14.84 18.49 3.36 33.46 25.25 
LSD (P ≤ 0.05)  16.83 22.94 24.17 12.46 ns 11.97 14.53 14.14 
KC 
KC-T0 0 Control 1.56 6.52 0.44 0.72 3.56 5.26 5.18 1.50 
KC-T1 1, CaCO3 0-5 19.23 45.53 36.88 25.99 2.97 9.99 0.00 8.63 
KC-T5 2, CaCO3 0-15 50.70 16.24 15.48 3.74 25.73 17.44 35.84 39.44 
KC-T7 0.74, Ca(OH)2 0-5 106.06 52.49 42.95 30.79 16.44 12.71 4.12 9.00 
LSD (P ≤ 0.05)  41.42 10.42 3.60 7.23 10.56 ns 13.60 7.56 
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Initial Ca concentration of leachate was 9.9 mg/l, which was 7.4 and 4.2 
mg/l higher than soil solution Ca concentration at 2.5 cm and 12.5 cm, respectively 
(Table 5.4). The leachate Ca concentration of control declined to between 2.5 and 
5.4 mg/l at events 3 to 10. 
At event 1, only Ca concentration in T6 leachate was significantly 
increased. Treatment 6 strongly increased Ca concentration in leachate by 12 to 28 
times from events 3 to 10. At event 3, Ca concentration in leachate in T2, T4, T5 
and T6 was significantly increased compared to control.  At event 6, in addition to 
T4, T5, and T6 that increased Ca concentration in leachate at event 3, there were 
increased leachate Ca concentration in T3, T7 and T8. At event 10, only lime 
treatment in T6 significantly increased Ca concentration in leachate. At every event 
leachate Ca concentration from T1 and T2 were not significantly different to that 
in the control leachate. 
Initial Ca concentration in leachate of control KC columns was similar to 
that in TK soil, but concentrations increased from event 3 to event 10 (Table 5.4). 
In general, Ca concentrations in leachate of limed treatments were similar to those 
in control for KC. There were some significant increases of Ca concentration in 
leachate with lime treatments, but the increases were not consistent and some lime 
treatments resulted in a decrease of Ca concentration in leachate. 
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Table 5.4 Soluble Ca in leachate at 30 cm depth. Values are averages of four 
replications. Experiment 1.   
Treatment 
Treatment details Soluble Ca in leachate at 30 cm from surface (mg/l) 
Lime rate (t/ha) Depth (cm) Event 1 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 9.86 2.60 2.47 5.37 
TK-T1 1, CaCO3 0-5 17.2 10.4 3.23 11.8 
TK-T2 2, CaCO3 0-5 6.83 19.5 10.4 9.68 
TK-T3 1, CaCO3 0-10 10.6 9.60 20.5 19.3 
TK-T4 2, CaCO3 0-10 5.98 24.6 16.9 14.9 
TK-T5 1, CaCO3 0-15 21.8 20.0 17.0 15.4 
TK-T6 2, CaCO3 0-15 44.5 57.8 30.9 15,3 
TK-T7 0.74, Ca(OH)2 0-5 8.94 14.7 29.5 12.1 
TK-T8 1.48, Ca(OH)2 0-5 16.0 10.9 17.0 25.9 
LSD (P ≤ 0.05)  17.74 12.90 9.25 7.06 
KC 
KC-T0 0 Control 8.81 7.73 14.7 19.2 
KC-T1 1, CaCO3 0-5 4.20 6.80 4.82 9.97 
KC-T2 2, CaCO3 0-5 1.97 5.98 6.85 11.6 
KC-T3 1, CaCO3 0-10 17.6 2.61 17.0 11.1 
KC-T4 2, CaCO3 0-10 3.08 11.1 10.5 25.7 
KC-T5 1, CaCO3 0-15 15.6 3.86 18.3 11.7 
KC-T6 2, CaCO3 0-15 12.3 31.7 21.2 23.0 
KC-T7 0.74, Ca(OH)2 0-5 8.67 6.30 4.29 22.9 
KC-T8 1.48, Ca(OH)2 0-5 5.65 9.80 10.4 16.4 
LSD (P ≤ 0.05)  5.76 10.98 10.84 9.34 
5.3.1.4 Soluble K in soil solution and leachate 
For TK sand, in the control at event 1, soil solution K extracted at 2.5 cm depth 
was only 17.6 mg/l while at events 3 and 6 it dropped to 5.40 and 8.63 mg/l, respectively. 
It increased to up to 21.7 mg/l at event 10 (Table 5.5). At 2.5 cm depth, in all other 
treatments, K concentration in events 1 and 10 were similar with control treatment. At 
12.5 cm depth, K concentration in control soil solution was only 0.05 mg/l. It increased 
at the following event up to 10.9 mg/l at event 10. Potassium concentrations in T5 and 
T7 were higher at events 1 and 3, compared to that in control, but at the event 10, there 
were no significant different among K concentrations all treatments. 
In KC soil, at 2.5 cm depth soil solution K in control after event 1 was 7.76 
mg/l. It fluctuated during subsequent event but ended at 12.4 mg/l after event 10. 
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Potassium concentration of soil solutions was not significantly different at 2.5 cm 
depth among treatments at any event. At 12.5 cm, K concentration in control at event 
1, 2, and 3 was only about 5 mg/l, but it increased up to 11.5 mg/l at event 10. Apart 
from T5 at event 3 which had higher K concentration than control, soil solution K at 
12.5 cm did not change with treatments. 
Table 5.5 Soluble K in soil solution at 2.5 and 12.5 cm depth. Values are averages of 
four replications. Experiment 1. 
Treatment 
Treatment details Soluble K at 2.5 cm from surface (mg/l) Soluble K at 12.5 cm from surface (mg/l) 
Lime rate (t/ha) depth (cm) Event 1 Event 3 Event 6 Event 10 Event 1 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 17.6 5.40 8.63 21.7 0.05 1.89 2.39 10.9 
TK-T1 1, CaCO3 0-5 19.5 3.94 4.09 22.5 2.36 2.27 3.29 11.2 
TK-T5 2, CaCO3 0-15 17.8 5.27 3.73 22.4 6.29 5.60 2.64 9.61 
TK-T7 0.74 Ca(OH)2 0-5 18.0 4.58 4.49 16.9 6.62 7.87 4.22 9.54 
LSD (P ≤ 0.05) Ns 1.23 2.84 ns 5.21 1.80 1.75 ns 
KC 
KC-T0 0 Control 7.76 5.55 4.60 12.4 4.97 5.61 4.57 11.5 
KC-T1 1, CaCO3 0-5 8.13 5.68 4.08 8.47 6.42 7.08 6.08 7.75 
KC-T5 2, CaCO3 0-15 10.5 4.29 4.61 9.26 9.40 8.56 6.12 15.2 
KC-T7 0.74, Ca(OH)2 0-5 10.3 5.47 4.54 7.99 8.56 7.38 6.58 14.2 
LSD (P ≤ 0.05) ns Ns ns ns ns 2.78 ns ns 
 
In TK sand, K concentration of leachate in the control was 8.94 mg/l after 
event 1, but it decreased at the following events (Table 5.6). Highest K concentrations 
were in T4, T6, and T7, ranging between 11 and 14 mg/l, but they decreased in 
following events. By event 10 soil solution K at 2.5 cm were relatively similar and 
ranged from 4.8-8.6 mg/l. 
In KC sand, K concentration in leachate at event 1 in the control was only 1.07 
mg/l, much lower than that in TK sand. In other lime treatments, K concentration at event 1 
was higher than in control, with the highest K concentration K in T5 and T6 (11 mg/l). 
Similar to that in TK sand, the treatments with low K concentration at event 1 had increasing 
K concentration over time so that there were no significant differences for event 10. 
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Table 5.6 Soluble K in leachate at 30 cm depth. Values are averages of four 
replications. Experiment 1. 
Treatment 
Treatment details Soluble K in leachate at 30 cm from surface (mg/l) 
Lime rate (t/ha) depth (cm) Event 1 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 8.94 3.47 2.77 5.03 
TK-T1 1, CaCO3 0-5 3.46 2.78 3.37 7.00 
TK-T2 2, CaCO3 0-5 1.78 3.06 2.50 6.31 
TK-T3 1, CaCO3 0-10 8.00 5.43 5.03 6.39 
TK-T4 2, CaCO3 0-10 11.9 6.26 5.21 5.71 
TK-T5 1, CaCO3 0-15 3.56 7.73 4.34 5.58 
TK-T6 2, CaCO3 0-15 13.8 7.30 4.10 4.79 
TK-T7 0.74 Ca(OH)2 0-5 10.8 5.04 4.81 7.99 
TK-T8 1.48, Ca(OH)2 0-5 3.31 5.10 4.76 8.57 
LSD (P ≤ 0.05)  2.90 1.41 1.21 2.21 
KC 
KC-T0 0 Control 1.07 2.13 4.24 9.15 
KC-T1 1, CaCO3 0-5 3.32 2.06 4.57 9.01 
KC-T2 2, CaCO3 0-5 2.73 1.88 4.10 8.66 
KC-T3 1, CaCO3 0-10 6.82 3.59 7.73 9.78 
KC-T4 2, CaCO3 0-10 6.09 4.43 7.88 9.42 
KC-T5 1, CaCO3 0-15 10.9 6.13 7.06 8.87 
KC-T6 2, CaCO3 0-15 11.0 6.48 7.54 9.54 
KC-T7 0.74, Ca(OH)2 0-5 4.95 2.70 4.85 9.84 
KC-T8 1.48, Ca(OH)2 0-5 6.29 3.32 6.49 9.13 
LSD (P ≤ 0.05)  1.90 0.91 1.11 ns 
5.3.1.5 Soluble Mg in soil solution and leachate  
In TK sand, at 2.5 cm depth, the Mg concentration in soil solution in control 
treatment was only 5.49 mg/l, and it had increased by event 10 to 13 mg/l (Table 5.7). 
Treatment 7 consistently increased soil solution Mg at 2.5 cm depth compared to the 
control and maintained concentrations in the range 17-39 mg/l. At 12.5 cm depth, Mg 
concentration in all treatments and events were generally lower than that at 2.5 cm 
depth while Treatment 7 was again the only limed treatment to consistently increase 
soil solution Mg.  
In KC sand, at 2.5 cm depth, Mg concentration in soil solution was initially 
similar to that in TK (Table 5.7). All lime treatments increased soil solution Mg 
concentration at 2.5 cm and at all events relative to the control.  At 12.5 cm depth, Mg 
concentration generally decreased from event 1 to 10. While T7 increased soil solution 
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Mg at 12.5 cm for event 1, 3 and 6, the difference had disappeared by event 10. By 
contrast T5 increased Mg in soil solution at events 3, 6 and 10. 
Table 5.7 Soluble Mg in soil solution at 2.5 and 12.5 cm depth. Values are averages 
of four replications. Experiment 1. 
Treatment 
Treatment details Soluble Mg at 2.5 cm from surface (mg/l) Soluble Mg at 12.5 cm from surface (mg/l) 
Lime rate (t/ha) Depth (cm) Event 1 Event 3 Event 6 Event 10 Event 1 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 5.49 13.8 23.4 13.0 2.02 0.16 2.11 0.79 
TK-T1 1 , CaCO3 0-5 10.6 8.06 26.1 15.2 3.19 1.75 0.55 2.15 
TK-T5 2 , CaCO3 0-15 7.66 13.0 37.8 16.0 6.19 2.43 2.91 4.43 
TK-T7 0.74 Ca(OH)2 0-5 25.4 16.7 32.8 26.3 8.45 3.52 19.4 6.91 
LSD (P ≤ 0.05) 3.03 6.69 8.59 2.62 1.62 2.96 2.27 2.69 
KC 
KC-T0 0 Control 5.68 1.39 4.60 1.91 5.10 4.00 2.00 2.31 
KC-T1 1, CaCO3 0-5 16.3 11.4 19.1 10.3 7.16 2.94 2.45 3.81 
KC-T5 2, CaCO3 0-15 18.9 9.51 24.7 8.96 8.06 6.84 7.34 6.50 
KC-T7 0.74, Ca(OH)2 0-5 26.0 14.2 21.6 10.1 25.6 9.47 11.4 4.16 
LSD (P ≤ 0.05)  8.93 4.15 8.07 3.20 6.21 2.54 4.21 3.63 
 
In TK sand, Mg concentration in the leachate in the control treatment 
commenced at 8.15 mg/l after Event 1 and declined sharply to 0.4 mg/l at event 10 
(Table 5.8). Lime treatments T2, T5, and T6 increased Mg concentrations until event 
10, while from events 3 to 10, Mg concentration of lime treatments T3-T7 were higher 
than that in control (Table 5.8). Nevertheless, Mg concentrations in T5 and T6 declined 
sharply over time. 
In KC sand, Mg concentration in leachate at event 1 was much lower than 
that in TK. The control Mg leachate concentrations remained low at all events. Highest 
Mg concentrations at event 1 were obtained in T5 to T8. These treatments maintained 
higher Mg in leachate than control until event 10, while Mg concentration at event 10 
was also higher in T3 and T4. (Table 5.8). 
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Table 5.8 Soluble Mg in leachate at 30 cm depth. Values are averages of four 
replications. Experiment 1. 
Treatment 
Treatment details Soluble Mg in leachate at 30 cm from surface (mg/l) 
Lime rate (t/ha) depth (cm) Event 1 Event 3 Event 6 Event 10 
TK 
TK-T0 0 Control 8.15 2.50 2.58 0.42 
TK-T1 1, CaCO3 0-5 9.41 2.53 2.07 1.35 
TK-T2 2, CaCO3 0-5 14.4 2.69 3.10 1.21 
TK-T3 1, CaCO3 0-10 10.8 3.90 11.1 5.78 
TK-T4 2, CaCO3 0-10 9.02 7.66 13.2 6.96 
TK-T5 1, CaCO3 0-15 26.3 24.1 8.75 2.85 
TK-T6 2, CaCo3 0-15 35.0 25.9 9.22 2.36 
TK-T7 0.74, Ca(OH)2 0-5 9.19 4.26 7.73 7.94 
TK-T8 1.48, Ca(OH)2 0-5 11.5 4.63 11.9 9.23 
LSD (P ≤ 0.05)  6.01 3.54 4.06 1.32 
KC 
KC-T0 0 Control 1.65 1.04 2.22 3.91 
KC-T1 1, CaCO3 0-5 3.38 1.06 2.37 4.36 
KC-T2 2, CaCO3 0-5 3.55 1.27 3.54 5.71 
KC-T3 1, CaCO3 0-10 4.88 2.19 6.83 8.58 
KC-T4 2, CaCO3 0-10 2.69 2.41 7.39 8.99 
KC-T5 1, CaCO3 0-15 17.6 8.60 8.30 7.05 
KC-T6 2, CaCO3 0-15 17.9 11.8 14.4 9.12 
KC-T7 0.74, Ca(OH)2 0-5 15.7 1.49 4.19 6.37 
KC-T8 1.48, Ca(OH)2 0-5 15.3 2.15 8.50 8.43 
LSD (P ≤ 0.05)  5.13 1.25 2.64 1.48 
5.3.1.6 Soil pH and exchangeable Ca, Mn and Al after experiment 
Without lime application, soil pH (CaCl2) of TK soil was 5.6 but it was much 
lower than solution and leachate pH. Incorporation of lime within 0-5 cm increased to 
pH 6.8. With the lower rate of lime (1 t/ha) mixed to 0-15 cm depth, topsoil (0-5 cm) 
pH was slightly lower (Table 5.9). 
All lime treatments increased soil pH of soil at 5-10 cm and 10-15 cm, even 
in the column where lime was mixed in 0-5 cm depth at the lower rate. The pH increase 
was less when lime was applied at 1 t/ha than at 2 t/ha.   
From 15-30 cm, the soil pH was greater when the lime was mixed within 0-
15 cm and when Ca(OH)2 was added. Even when Ca(OH)2 was mixed within 0-5 cm 
depth, soil pH was increased at all layers (0-30 cm). 
Without lime, pH (CaCl2) of surface soil of KC was 5.3, slightly lower than 
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that in TK and much lower than soil solution pH. The pH of the control soil increased 
to 5.6 at 15-30 cm depth. All lime treatments increased significantly soil pH at 0-5 cm 
depth but the highest pH was obtained when the lime was applied within 0-5 cm or 
with the higher rate (2 t/ha). 
In KC soil, Ca(OH)2 was as effective to increase pH in the deeper soil as 
CaCO3, but not as effective as in TK soil. Generally, lime treatment, regardless of 
mixing depth and rate, were effective for increasing pH for at least 10 to 25 cm below 
the treated soil. 
Table 5.9 Soil pH at different depths at the end of the experiment. Values are 
averages of four replications. Experiment 1. 
Treatment 
Treatment details pH (1:5 CaCl2) 
Lime rate (t/ha) Depth (cm) 0-5 cm 5-10 cm 10-15 cm 15-20 cm 20-30 cm 
TK  
TK-T0 0 Control 5.6 5.6 5.6 5.6 5.5 
TK-T1 1, CaCO3 0-5 6.8 6.4 6.0 5.7 5.6 
TK-T5 1, CaCO3 0-15 6.6 6.5 6.5 5.9 5.7 
TK-T6 2, CaCO3 0-15 6.7 6.7 6.7 6.1 5.9 
TK-T8 1.48, Ca(OH)2 0-5 6.8 6.8 6.7 6.2 6.0 
LSD (P ≤ 0.05)  0.15 0.16 0.17 0.13 0.14 
KC 
KC-T0 0 Control 5.3 5.3 5.2 5.6 5.6 
KC-T1 1, CaCO3 0-5 6.9 6.6 6.2 5.9 5.8 
KC-T5 1, CaCO3 0-15 6.6 6.6 6.6 6.3 6.1 
KC-T6 2, CaCO3 0-15 6.9 6.9 7.0 6.4 6.3 
KC-T8 1.48, Ca(OH)2 0-5 7.0 6.6 6.1 6.2 6.0 
LSD (P ≤ 0.05)  0.10 0.13 0.25 0.23 0.22 
 
In TK, exchangeable Ca in the top soil (0-5 cm) was 1.98 cm/kg and it slightly 
decreased below 5 cm. Significant increase in exchangeable Ca was found when the 
lime was mixed within 0-5 cm depth. The increase was found at all lime treatments in 
10-15 cm depth but below that there was no increase. Only T1 and T8 increased 
exchangeable Ca below the depth of incorporation of lime. 
Exchangeable Ca in untreated sand at 0-10 cm depth in KC soil was similar 
to that in TK but in KC it remained uniform to 30 cm depth.  All lime treatments 
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increased exchangeable Ca in 0-5 cm depth. Only deeper lime incorporation (0-15 cm) 
or applying Ca(OH)2 was effective for increasing soil pH at 5-15 cm depth.  Only T8 
increased exchangeable Ca below the depth of incorporation of lime. 
In both soils, unlike the effect on soil pH, lime had no effect on exchangeable 
Ca below 15 cm. 
Table 5.10 Soil exchangeable Ca at the end of the experiment.  Values are averages 
of four replications. Experiment 1. 
Treatment 
Treatment details Ca (cmol/kg) 
Lime rate (t/ha) Depth (cm) 0-5 cm 5-10 cm 10-15 cm 15-20 cm 20-30 cm 
TK 
TK-T0 0 Control 1.98 1.84 1.70 1.72 1.79 
TK-T1 1, CaCO3 0-5 2.41 1.88 1.84 1.85 1.80 
TK-T5 1, CaCO3 0-15 1.99 1.91 1.95 1.89 1.79 
TK-T6 2, CaCO3 0-15 2.11 2.28 2.23 1.84 1.82 
TK-T8 1.48, Ca(OH)2 0-5 2.66 2.15 1.98 1.80 1.80 
LSD (P ≤ 0.05)  0.35 0.30 0.11 ns  ns  
 KC 
KC-T0 0 Control 1.94 1.87 1.91 1.94 1.98 
KC-T1 1, CaCO3 0-5 2.48 1.98 1.88 1.92 1.89 
KC-T5 1, CaCO3 0-15 2.14 2.12 2.12 1.94 1.95 
KC-T6 2, CaCO3 0-15 2.40 2.40 2.47 1.99 1.96 
KC-T8 1.48, Ca(OH)2 0-5 3.09 2.17 2.06 1.94 1.93 
LSD (P ≤ 0.05)  0.13 0.13 0.10 ns ns 
 
In TK sand, exchangeable Mn at topsoil (0-5 cm depth) in the control 
treatment was only 0.09 mg/kg soil, which was lower than that in the limed treatments 
soil. In the control, exchangeable Mn increased in the subsoil up to 0.59 mg/kg at 10-
15 cm depth. From 5-15 cm depth lime generally increased exchangeable Mn. Lime 
treatments T1 and T8 also decreased exchangeable Mn below the depth of 
incorporation by an extra 5 cm only. 
In KC, exchangeable Mn of untreated topsoil was 0.34 mg/kg, higher than 
that in TK. Highest exchangeable Mn in the control was at 5-15 cm, but below 15 
cm there was negligible Mn extracted. Exchangeable Mn decreased in the soil 
treated with lime. Lime treatments T1 and T8 also decreased exchangeable Mn 
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below the depth of incorporation by an extra 5 or 10 cm. Generally, in KC 
exchangeable Mn decreased within 5-15 cm depth, where in TK sand the increase 
was found mostly in within 10-15 cm depth. 
Table 5.11Soil exchangeable Mn at different depths after the experiment. Data are 
averages of four replications. Experiment 1. 
Treatment 
Treatment details Mn (mg/kg) 
Lime rate (t/ha) Depth (cm) 0-5 cm 5-10 cm 10-15 cm 15-20 cm 20-30 cm 
TK 
TK-T0 0 Control 0.09 0.35 0.59 0.28 0.11 
TK-T1 1, CaCO3 0-5 0.27 0.18 0.82 0.08 0.11 
TK-T5 1, CaCO3 0-15 0.41 1.36 1.63 0.46 0.11 
TK-T6 2, CaCO3 0-15 0.26 0.20 0.47 0.05 0.03 
TK-T8 1.48, Ca(OH)2 0-5 0.43 0.21 0.41 0.08 0.07 
LSD (P ≤ 0.05)  0.17 0.15 0.24 ns 0.04 
KC 
KC-T0 0 Control 0.34 1.03 0.88 0.01 0.03 
KC-T1 1, CaCO3 0-5 0.06 0.16 0.55 0.03 0.03 
KC-T5 1, CaCO3 0-15 0.20 0.31 0.43 0.01 0.02 
KC-T6 2, CaCO3 0-15 0.11 0.12 0.09 0.02 0.03 
KC-T8 1.48, Ca(OH)2 0-5 0.10 0.19 0.85 0.03 0.03 
LSD (P ≤ 0.05)  0.05 0.14 0.28 ns ns 
5.3.2 Experiment 2 
5.3.2.1 Solution and Leachate pH 
At 2.5 cm depth, without lime application, pH of solution 1 hr after irrigation at 
event 1 was only 4.2 but it slightly increased to 4.6 at event 4 (Table 5.12). When soil was 
treated with 2 t of lime/ha, soil solution pH at 2.5 cm depth increased to 7.5 but there was 
no significant difference among extracts collected from 1- 48 hrs after first irrigation. At 
day 7, 14 and 21, solution pH of limed soils varied between 7.5 (collecting 12 and 24 hrs 
after irrigation at day 7) and 7.8 (collecting 1 hr after irrigation at day 14) but there was no 
consistent effect of collection time (1-48 hrs) on the values. 
At 12.5 cm depth, which was 2.5 cm below the treated soil depth, the soil solution 
pHs at day 0 of all treatments were similar (around 4). The solution pH of most treatments 
increased to above 4.6 at day 21. Overall the lime treatment had no effect on soil solution 
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pH at 1 hr after irrigation. At Day 21, the 48 hour soil solution extract was significantly 
higher than the unlimed sample but the latter was collected after only 1 hr. 
Similarly, leachate pH at day 0 was about 4.1 in all treatments.  At day 7 and 
day 14, leachate pH varied between 4.1 and 4.3 with no consistent effect of time of 
collection of soil solution (1-48 hrs) on pH.  
Table 5.12 Effect of time of solution and leachate collection after irrigation on pH of 
soil solution for irrigation events on day 0, 7, 14 and 21. Values are means 
of four replicates. Experiment 2. 
Treatment Treatment details  Day 0 Day 7 Day 14 Day 21 
At 2.5 cm depth     
T0 No lime, 1hr 4.2 4.3 4.3 4.6 
T1 Lime, 1 hr 7.4 7.6 7.8 7.7 
T2 Lime, 12 hrs 7.5 7.5 7.7 7.6 
T3 Lime, 24 hrs 7.4 7.5 7.6 7.7 
T4 Lime, 48 hrs 7.5 7.7 7.7 7.7 
LSD (P ≤ 0.05) 0.11 0.08 0.10 0.08 
At 12.5 cm depth     
T0 No lime, 1hr 4.0 4.1 4.2 4.3 
T1 Lime, 1 hr 3.9 4.1 4.2 4.7 
T2 Lime, 12 hrs 3.9 4.0 4.2 4.4 
T3 Lime, 24 hrs 4.0 4.1 4.3 4.6 
T4 Lime, 48 hrs 3.9 4.1 4.4 4.9 
LSD (P ≤ 0.05) 0.1 0.1 0.3 0.6 
Leachate at 25 cm depth     
T0 No lime, 1hr 4.0 4.2 4.3 4.3 
T1 Lime, 1 hr 4.1 4.1 4.1 4.2 
T2 Lime, 12 hr 4.1 4.1 4.2 4.3 
T3 Lime, 24 hr 4.1 4.1 4.1 4.1 
T4 Lime, 48 hr 4.1 4.2 4.2 4.2 
LSD (P ≤ 0.05) ns ns 0.13 0.14 
 
5.3.2.2 Concentration of soluble Al, Ca, K, Mg, Mg, Mn and Na in soil solution 
Without lime application, soluble Al in soil solution at 2.5 cm depth was 
greater for all irrigation events than in the limed soil (Table 5.13). However, there was 
no significant difference in soluble Al with difference solution collection times (1 vs 
48 hrs) for the lime treated soil.  At 12.5 cm depth, soil solution Al was higher than at 
2.5 cm. At 12.5 cm depth, in contrast to 2.5 cm depth, the soluble Al of lime-treated 
soil was greater than that of untreated soil at all irrigation days although the 
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concentrations differences declined from day 0 to day 21. 
Lime strongly increased Ca in solution at both depths. Soluble Ca in the 
solution collected at 2.5 cm depth and 48 hours after watering were greater than in 
solution collected 1 hour after watering at all irrigation events. At 12.5 cm depth, there 
was no significant difference in solution Ca between the 1 and 48 hr collection of 
solution at any event. Soil solution Ca declined over time from Day 0 to Day 21. 
Soil solution K concentrations in unlimed soil were much lower than Ca 
concentrations, but like Ca they declined with time. Soluble K at 2.5 cm depth were 
greater in solution of untreated soil at day 0 (4.81 mg/l) but at Day 21 soluble K reduced 
to 2.49 mg/l, which was a similar concentration to soluble K of treated soil. At 12.5 cm 
depth, K in solution, collected 1 hour after watering was 8.55 mg/l, which was higher 
than that in solution collected 48 hours after watering. All soluble K decreased from Day 
0 to Day 21 but on Day 14 and 21 was decreased in limed sand at 12.5 cm depth. 
Soil solution Mg concentrations in unlimed soil were lower than K 
concentrations, but like Ca and K they declined with time. There was no effect of lime 
application on soil solution Mg at 2.5 cm when collected 1 hr after irrigation. Effects 
of collection of solution at 2.5 cm at 48 hours after watering in limed soils gave higher 
Mg concentrations than after 1 hr. At 12.5 cm depth, soluble Mg at 2.5 cm was more 
than two fold higher in unlimed sand or more than fourfold higher in limed sand. In 
limed soil at 12.5 cm depth, soil solution Mg concentration declined from 13.5-14 mg/l 
on day 0 to between 1.6-1.7 mg/l on day 21. 
Soluble Mn in solution of unlimed soil at 2.5 cm depth was only 0.02 to 0.06 
mg/l. Lime decreased the concentrations to zero. At 12.5 cm depth, Mn concentration 
was increased to 0.25-0.29 mg/l in the solution of lime treated soil on day 0, whereas 
in the untreated soil Mn was only 0.13 mg/l. Mn concentration of all solution sharply 
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decreased on day 21 when lime further decreased soil solution Mn.   
Soluble Na concentration of untreated soil at 2.5 cm depth on day 0 was 65 
mg/l and 64 mg/l at 12.5 cm depth, which both exceeded soil solution Ca 
concentrations. Soil solution Na fluctuated from day 0 to day 21 at both depths without 
any clear pattern related to treatments. 
Table 5.13 Soluble Al, Ca, K, Mg, Mg, Mn and Na in soil solution at 2.5 and 12.5 
cm depth for irrigation events on day 0, 7, 14 and 21. Values are means of 




At 2.5 cm depth At 12.5 cm depth 
Day 0 Day 7 Day 14 Day 21 Day 0 Day 7 Day 14 Day 21 
Al (mg/l) 
T0 No lime, 1 hr 0.49 0.22 0.39 0.20 1.18 0.82 0.57 0.45 
T1 Lime, 1 hr 0.04 0.02 0.03 0.02 5.15 2.97 1.63 1.43 
T4 Lime, 48 hrs 0.04 0.03 0.03 0.03 4.26 2.34 1.27 0.93 
LSD (P ≤ 0.05) 0.14 0.04 0.05 0.08 1.59 0.87 0.43 0.56 
Ca (mg/l) 
T0 No lime, 1 hr 18.3 9.19 16.8 7.19 40.5 28.7 22.6 17.8 
T1 Lime, 1 hr 88.3 55.4 58.8 36.1 130 99.6 56.0 50.1 
T4 Lime, 48 hrs 112 78.0 80.3 55.6 151 90.3 63.2 52.9 
LSD  21.7 10.5 9.01 6.32 47.0 34.0 9.46 14.4 
K (mg/l) 
T0 No lime, 1 hr 4.81 3.47 3.46 2.49 6.58 4.95 4.05 3.70 
T1 Lime, 1 hr 4.14 2.24 2.16 2.08 8.55 4.38 2.49 1.84 
T4 Lime, 48 hrs 3.43 3.06 3.14 1.90 7.02 4.02 2.66 2.02 
LSD   0.88 0.96 ns ns 1.15 ns 0.80 0.79 
Mg (mg/l) 
T0 No lime, 1 hr 2.11 1.06 2.04 0.92 4.67 3.34 2.72 2.19 
T1 Lime, 1 hr 2.10 1.05 1.10 0.60 14.0 5.72 2.03 1.56 
T4 Lime, 48 hrs 2.81 1.55 1.58 1.05 13.6 4.96 2.31 1.67 
LSD (P ≤ 0.05) 0.51 0.27 0.36 0.46 2.75 2.76 1.02 0.77 
Mn (mg/l) 
T0 No lime, 1 hr 0.06 0.03 0.05 0.02 0.13 0.09 0.07 0.05 
T1 Lime, 1 hr 0.00 0.00 0.00 0.00 0.29 0.08 0.02 0.01 
T4 Lime, 48 hr 0.00 0.00 0.00 0.00 0.25 0.07 0.02 0.01 
LSD 0.01 0.00 0.01 0.01 0.06 ns 0.02 0.01 
Na (mg/l) 
T0 No lime, 1 hr 64.6 42.6 73.5 49.1 64.3 49.8 50.2 55.1 
T1 Lime, 1 hr 50.4 37.7 78.8 44.7 55.7 38.0 44.3 51.5 
T4 Lime, 48 hr 53.7 44.0 67.5 51.5 43.0 38.3 47.7 50.0 
LSD (P ≤ 0.05) 4.52 3.28 8.36 ns 14.08 4.55 8.45 4.28 
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5.3.2.3 Concentration of soluble Al, Ca, K, Mg, Mg , Mn and Na in leachate 
The Al concentration in leachate of untreated soil decreased from 1.44 mg/l 
on day 0 to 0.48 mg/l on day 21 (Table 5.14). This concentration was similar initially 
from the treated soil but remained relatively stable over time. Similar trend was found 
in the concentration of soluble Ca, where on the untreated soil it reduced from 59.1 
mg/l on day 0 to 28.4 mg/l on day 21 but it was ranged between 52.3 and 63.6 mg/l on 
lime-treated soil. 
Soluble K and Mg were at similar concentration in the leachate of untreated 
soil. On day 0, they were 7.6 and 7.3 mg/l and on day 21, they declined to 4.6 and 3.6 
mg/l, respectively. On the lime-treated soil, only K concentration decreased to 4.93 
mg/l on day 21, while soluble Mg concentration varied between 5.5 – 6.8 mg/l.  
Soluble Na in the leachate from treated soil decreased from 53 mg/l on day 0 
to 44.8 mg/l on day 21. On the untreated soil, there was no significant difference from 
day 0 to day 21.  
The soluble Mn concentration in leachate decreased on untreated soil over 
time but not on treated soil. 
Table 5.14Soluble Al, Ca, K, Mg, Mg, Mn and Na in leachate at 25 cm depth. Values 
are means of four replicates. Experiment 2.  
Lime rate Leaching 
event 
Al Ca K Mg Na Mn 
t/ha mg/l mg/l mg/l mg/l mg/l mg/l 
0.00 Day 0 1.44 59.08 7.65 7.25 49.98 0.14 
0.00 Day 7 1.05 49.06 7.05 5.94 48.84 0.11 
0.00 Day 14 0.67 34.82 6.50 4.26 53.49 0.08 
0.00 Day 21 0.48 28.41 4.57 3.61 52.04 0.07 
2.00 Day 0 1.03 53.32 7.08 5.54 52.98 0.10 
2.00 Day 7 1.44 63.56 6.75 6.79 47.31 0.13 
2.00 Day 14 1.37 62.69 6.02 6.73 43.84 0.13 
2.00 Day 21 1.06 53.96 4.93 5.69 44.83 0.12 




Exchangeable Al concentrations in soil at all depths were low in untreated 
sand (Table 5.15). Lime increased exchangeable Ca in 0-10cm but not below. 
Exchangeable K, Mg and Na concentrations were relatively consistent with depth and 
showed little influence of lime treatment. Lime decreased exchangeable Mn at 0-10 
and 10-15 cm but not at 15-25 cm. 
Table 5.15 Soil chemical properties after experiment. Values are means of four 
replicates. Experiment 2.  
Lime rate Depth Al Ca K Mg Na Mn 
 t/ha  cm cmol/kg cmol/kg cmol/kg cmol/kg cmol/kg mg/kg 
0.00 0-10 0.04 19.76 0.28 0.45 1.36 0.13 
0.00 10-15 0.01 20.22 0.30 0.40 1.36 0.16 
0.00 15-25  0.02 20.56 0.31 0.44 1.38 0.17 
2.00 0-10 0.01 33.35 0.32 0.45 1.49 0.02 
2.00 10-15 0.01 21.50 0.27 0.30 1.38 0.10 
2.00 15-25  0.01 20.69 0.31 0.47 1.24 0.17 
LSD (P ≤ 0.05)  ns 0.78 0.03 0.07 0.14 0.02 
 
5.4 DISCUSSION 
5.4.1 Initial pH of soils and acidity characteristics 
In Experiment 1, pH of soil solution at 2.5 and 12.5 cm was neutral to above 
neutral in control sands without any added lime. The pH of the soil solution after 24 hrs 
was 6.98 in TK and 7.2 in KC in control sands at 2.5 cm depth.  Over time the pH in soil 
solution of control at 2.5 cm increased.  At 12.5 cm, soil solution pH was lower initially 
(6.0 in TK and 6.4 in KC), but still higher than expected considering the soil acidity 
measured in the same soil profiles in earlier experiments (see Chapters 2-4) and when 
the soils were collected. Leachate pH after 24 hours was 6.7 in control columns and 
hence intermediate between pH values for soil solutions at 2.5 and 12.5 cm depths. By 
contrast, soil pH measured at the end of the experiment was 5.6 at 0-5 cm depth and 
increased to 6.8 in the limed soil. Similarly, pH at 0-5 cm in KC was 5.3 in unlimed and 
6.9 in limed soils. Hence there was a significant discrepancy between pH in the soil 
solutions and in the final soil pH, and between the soil pH at the end of this experiment 
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and the soil after collection and with the same soil type in previous experiments. 
By contrast in Experiment 2, also an acid sand, soil solution pH remained 
acidic at ~4.2 over successive leaching events in unlimed soil, but increased within 1 
hour to pH 7 in limed soils and remained at similar levels through subsequent leaching 
events. Hence, the unexplained cause of the higher than expected soil, soil solution 
and leachate pH in TK and KC soils appears to specific to those soils and/or that 
experiment. 
Irrigation of the soil initially saturates the pores and hence likely decreases 
ionic strength of soil solution. Lower ionic strength of the soil solution will increase 
protonation of reactive surfaces in the sand associated with variable charge surfaces 
on organic matter, oxyhydroxides of Fe and Al and broken edges of kaolinitic clays 
(Barrow 1996. This may account for some of the increase in solution pH and would be 
a rapid change in pH in the same way that water extracts of soil pH are higher than 
CaCl2 extracts of the same soil (Minasny et al. 2011). Typically, a water extract 
increases measured soil solution pH by 1 pH, or even more in soils with low ionic 
strength.  The salt effect on soil solution pH partly but does not fully explain the higher 
solution pH than soil pH which was measured in a 0.01 M CaCl2 extract. A salt effect 
would not explain why the soil solution pH remained low in Experiment 2 since a 
similar effect should have occurred in both experiments. 
Irrigation of the soil causes an initial soil saturation which may decrease redox 
potential and stimulate reduction of Fe. The reduction of Fe2+ consumes protons and 
pH increases (Kirk 2004). Hence there may be an increase in pH while the saturated 
phase drains through the soil. However, the rate of pH increase will depend on: 
whether the wetting front passing through soil pores lasts long enough for anoxia to 
develop due to depletion of O2 by microorganisms and; the amount of reactive Fe that 
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can be easily reduced and whether there are more easily reducible electron donors such 
as nitrate in the soil solution.  Given that sands drain rapidly, it is doubtful that redox 
reactions would be activated sufficiently to induce pH. Moreover, there was no 
evidence of this effect in Experiment 2.  
Soil alkalinity increase has been reported from the release of CO2 from 
organic matter decomposition (Rukshana et al. 2013). Hence it is possible that 
decomposition of soluble carbon in the soil solution may cause a flush of CO2 release 
which increased pH. Crop residues can generate pH increase through abiotic processes 
(H+ reactions with organic matter) and biotic processes involving ammonification and 
carboxylation during decomposition. Hence the gradual increases in soil solution pH 
over successive events may be related to microbial ammonification. By contrast, 
nitrification is an acidifying reaction that would decrease soil solution pH over time. 
However, the nitrification reaction would be suppressed under acid pH (Xu et al. 
2006). Given that the increase in soil solution pH was evident within 24 hours in 
Experiment 1, it was clearly a relatively rapid process that might be more consistent 
with an abiotic process than a biotic process.  For example, Xu et al. (2006) reported 
that soil respiration after addition of organic residues peaked at 3 days after addition 
on sands. Hence, a CO2-driven soil solution pH increase is likely to take longer than 1 
day to occur. 
At the time of the experiments, CARDI extracted its reticulated water from a 
tube well and that water is known to have been hard (calcareous). In the laboratory, 
changing the de-ioniser cartridges happened irregularly. Hence it is possible, and likely 
given the anomalous results, that alkaline water was used to leach soils in Experiment 
1. This would explain the consistently neutral to alkaline pH of the soil solutions, the 
high pH of leachate and the increase in soil pH at the end of the experiment compared 
159 
to the initial values. This explanation would account for why the Australian sands did 
not behave similarly to the soil solution and leachate pHs in the two Cambodian sands. 
Insufficient data is available to arrive at a definitive explanation. Only a repetition of 
the experiment with a pure water supply will be able to adequately answer the research 
questions posed for this experiment.  
Given the high pH of extracted soil solutions from the Cambodian soils, levels 
of soluble Al and Mn were low and hence treatment effects on concentrations of these 
ions were of limited interest in the context of the present study on amelioration of Al 
and Mn toxicity. However, effects of the treatments on the change in pH and the 
concentrations and mobility of Ca and other cations remain relevant questions and 
some useful insights can be gained from the following discussion of the results. 
In TK, Ca(OH)2 at 0.74 t/ha increased soil solution pH at 12.5 cm, well below 
5 cm, the depth of incorporation. At events 6 and 10, the 1 t of CaCO3/ha treatment 
incorporated to 5 cm depth also increased soil solution pH at 12.5 cm. Hence there was 
evidence of pH increase in soil solution below the depth of CaCO3 and Ca(OH)2 
incorporation. At leaching events 2 and 3, this was reflected in increased leachate pH. 
Final soil pH also showed significant increases in soil pH below the depth of 
incorporation for CaCO3 and Ca(OH)2. There was evidence of soil pH increase 10-15 
cm below the depth of incorporation for CaCO3 and 25 cm below the depth of 
incorporation for applied Ca(OH)2.  Increases in exchangeable Ca were evident for up 
to 10 cm below the depth of Ca(OH)2 incorporation and with CaCO3 added at 1 t/ha. 
In KC too, but only at events 6 and 10, lime incorporated to 10 cm depth resulted in 
increased soil solution pH at 12.5 cm. The Ca(OH)2 increased soil solution pH at 12.5 
cm at events 2, 6 and 10. The soil exchangeable Ca at 5-15 cm was also increased by 
Ca(OH)2 but there was no increase in exchangeable Ca below the depth of 
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incorporation from application of CaCO3 at 1 or 2 t/ha. However, leachate pH did not 
increase in response to any of the lime incorporation treatments in KC. Increases in 
exchangeable Ca were only evident for up to 10 cm below the depth of Ca(OH)2 
incorporation in KC. 
In Experiment 2, there was no indication of increases in soil solution pH at 
12.5 cm, below the depth of lime incorporation or in leachate. However, Ca 
concentrations in soil solution at 12.5 cm increased threefold at each of the leaching 
events following lime application. At day 7-21, leachate Ca concentrations was 
increased where lime was applied to the 0-10 cm layer. However, there was no 
indication of an increase in exchangeable Ca in the soil below the depth of lime 
incorporation. In experiment 2, there were only four irrigation events for the 21-day 
experiment period, while the experiment 1 had 10 irrigation events that spanned 70 
days.  Amount of irrigation water applied and the duration of lime reactions with soils 
may also have effect on mobility of exchangeable Ca and pH of unlimed subsoil. 
5.5 CONCLUSION 
In summary, all studied sands strongly responded to lime incroporation by 
increasing significantly the pH of treated soil and Ca concentration in the solution and 
leachate. In addition, despite the relatively short duration of the experiments, there was 
of  mobility of exchangable Ca from lime-treated topsoil to the untreated subsoil.  In 
addition pH increases up to 25 cm below the depth of lime incorporation, were 
recorded even at CaCO3 or Ca(OH)2 rates of 1 t/ha. These results suggests that subsoil 
amelioration of acidity may be feasible after shallow surface application of lime on 
weakly buffered sands subject to monsoonal rainfall. In Chapter 6, these propositions 





Preliminary studies showed that acidity and Al toxicity were likely to be major 
chemical limiting factors affecting crop growth on sands in south-eastern Cambodia 
(Hin et al. 2010; Chapter 3). In Chapter 4, it was shown that strong responses to lime 
were obtained with mung bean on acid sands in pots, but the main limiting factors varied 
among the sand types. In the initial Ponhea Krek (PK) soil, Al saturation was close to 
60%, which is the lower threshold at which most crops are affected of Al toxicity but 
within the range where severe effects occur in sensitive crops such as mung bean 
(Sanchez et al. 2003; Seng et al. 2009). In Kampong Chhnang (KC) and Tramkak (TK) 
sands, Al saturation was in the range 10 – 60%, which is potentially harmful to sensitive 
crops only. According to Dierolf et al. (2001), generally mung bean is sensitive to Al 
toxicity. Hence on the basis of initial pH and Al saturation mung bean growth on unlimed 
soil was expected to be limited by Al toxicity especially in PK. The final soil pH after 
harvesting had risen by 0.6-0.7 pH unit to 4.7 in PK and 4.9 in KC and 5.2 in TK 
(Chapter 4). Hence the actual level of Al toxicity during mung bean growth was 
somewhat less than predicted. Indeed, in Chapter 4, Experiment 2, final exchangeable 
Al level in soil after harvest were uniformly low in all three soils. By contrast, final 
exchangeable Mn level were relatively high especially in TK where the value in the 
unlimed subsoil was 10 mg/kg. Moreover, leaves of mung bean grown on TK were 
consistently above 800 mg/kg, the critical concentration for Mn toxicity in that species 
(Bell 1991).  In PK and to a lesser extent in KC, there was also evidence from leaf 
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analysis of Mn toxicity. On the basis of low pH in the soil during the pot experiment 
(Chapter 4), Mn toxicity was also potentially limiting mung bean growth in unlimed TK 
soil and to a lesser extent in PK and KC. 
While the results from Chapter 4 reflect the homogenous mixing of lime 
throughout defined layers of the root zone as a fine, reactive powder, field application 
involves less uniform incorporation and mixing.  The form of lime used in the field 
may also comprise coarser particles. The importance of deeper incorporation 
compared to shallow mixing of lime needs to be investigated in the field. Shallow 
incorporation of lime on sands in south-eastern Cambodia is most likely since farmers 
rely on animal draft for ploughing which achieves only shallow soil disturbance and 
mixing. The question is whether this would be effective? In the pot experiment 
(Chapter 4), results suggested there was some movement of alkalinity from the depth 
of incorporation into the soil below. Results in Chapter 5 also showed some effects of 
lime on subsoil below the lime-treated layer by increasing soil pH of sublayer up to 15 
cm below the depth of the CaCO3-treated layer and up to 25 cm below the depth of the 
Ca(OH)2 -treated soil. Increases in exchangeable Ca were found for up to 10 cm below 
the depth of Ca(OH)2 incorporation and with CaCO3 added at 1 t/ha. However, it is not 
clear whether the same evidence of mobility of alkalinity can be achieved with shallow 
incorporated lime in the field and how sensitive is this to rate of application and to 
seasonal variation in rainfall amount and intensity?  
Two field experiments were established on acid sands to determine the effect 
of rates and methods of incorporation of lime applications for alleviating soil acidity 
and enhancing mung bean growth in the early wet season. Specific research questions 
for these experiments were: 
1. Does mung bean respond only to the rate of lime applied, regardless of depth 
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of incorporation, or; 
2. Does the depth of incorporation also determine the response to lime? 
3. Can liming of the topsoil effectively ameliorate soil acidity constraints or does 
the subsoil also need to be limed? 
4. How do responses to the above questions vary depending on whether Mn 
toxicity or Al toxicity is the primary acidity constraint? 
6.2 MATERIALS AND METHODS 
The two field experiments were carried out on acid sands in Cambodia that had 
already been studied (Chapters 2-5). The first field is located at the site of Tramkak 1 and 
second field is located at the site of Ponhea Krek 1 (see Chapter 2 for locations and soil 
profile properties). The experiment treatments were arranged in a randomized complete 
block design with 10 treatments comprised of lime rate and application depth and four 
replicates making a total of 40 plots at each site. The layout of the experiment was as follows: 
3 m x 5 m plot size, 0.5 m space between plots and four replicate blocks (Fig. 6.1). 
6.2.1 Treatments  
The experiment consists of following treatments: 
Treatment 
code 
Lime Rate Method of lime application 
T0 0  Control 
T1 0  Control with trench under the seeds as in Treatment T8 
T2 Recommended rate (RR)a for 0-5 cm depth Incorporate within 0-5 cm depth 
T3 RR for 0-15 cm depth Incorporate within 0-5 cm depth 
T4 RR for 0-10 cm depth Incorporate within 0-10 cm depth 
T5 RR for 0-15 cm depth Incorporate within 0-10 cm depth 
T6 RR for 0-15 cm depth Incorporate within 0-15 cm depth 
T7 2 RR for 0-15 cm depth Incorporate within 0-15 cm depth 
T8 RR for 15-30 cm depth 
Incorporate within 0-15 cm depth from the base of 
trenches (10 cm wide and 15 cm depth). 
T9 1 RR for 0-15 cm depth + 1 RR for 15-30 cm depth T6 + T8  
aRR: Recommendation Rate, based on soil incubation results, the lime rates to treat 0.15 m depth were 
0.7 t/ha for Tramkak 1 and 1.58 t/ha for Ponhea Krek 1. Hence for Treatment 2, the lime rate for 
neutralising 0-0.05 m depth was 0.23 t/ha for Tramkak 1 and 0.53 t/ha for Ponhea Krek 1. 
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Figure 6.1 Experimental field. Tramkak 1 (left) at 35 days after seeding and Ponhea 
Krek 1 (right) 43 days after seeding.  
Lime, used for the experiments was an agricultural lime imported from 
Vietnam. Before use for the experiment, the lime was analysed to identify calcium 
carbonate equivalent (CCE) after sieving (< 2 mm) to identify effective calcium 
carbonate equivalent (ECCE) or relative neutralized value (RNV). The sieved lime had 
83 % CCE and 73 % ECCE. 
Lime was applied after the 1st or 2rd rain at the beginning of the early wet season 
and 2 weeks before seeding. After marking out seed beds, for T2 to T7, lime was 
incorporated into the soil by hoeing within defined depths and rates. For T8 and T9, after 
installing seed beds, trenches of 15 cm depth and 10 cm width were made under seeding 
rows by manually digging with a spade. Then, lime was mixed within 0-10 cm depth 
from the base of the trenches. After mixing the lime, the trenches were filled with surface 
soil. Additionally, surface soil (0-15 cm depth) of T9 was mixed with the recommended 
rate of lime.   
All plots received the following rates (kg/ha) of fertilizers (Seng et al. 2005): 
80 kg of triple superphosphate /ha, 37 of KCl, 100 of NPKS (16-16-8-13S), 20 of ZnSO4, 
5 of CuSO4, 0.5 MoO3, and 2 of H3BO3. Two days before seeding, all basal fertilisers 
were mixed thoroughly and applied at 5 cm depth in a furrow 5 cm to the side of the 
seeding row. Fifty percent of K (as KCl) was top dressed at 4 weeks after sowing.  
Healthy uniform seeds of mung bean were coated with Rhizobium strain 
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CB1015, and then planted in rows with 30 cm spacing between rows and 15 cm 
between plants in the rows. The seeds were placed in the holes of 5 cm depth at 3 seeds 
per hole. Ten days after planting, the seedlings were thinned to one plant per hill. 
6.2.2 Data collection 
Soil pH was determined on samples taken from 0-5, 0-10, 10-15, 15-25 and 
25-35 cm depth. In each plot, soil samples were taken between seeding rows by 
manually digging a small soil pit of 10 cm width and 20 cm length and 35 cm depth, 
then the samples were taken from the wall of the pit at defined depths. Additional 
samples for T8 and T9 were collected under seeding rows at 15-25 and 25-35 cm depth.  
Soil samples collected before fertilizer and lime application and after harvest were 
used for chemical analysis by the methods outlined in Chapter 4. 
Flowering date (when 50% of plants had at least one flower) was recorded for 
mung bean. Leaf samples (youngest fully expanded leaf) were collected at first 
flowering for nutrient analysis. Nutrient analysis followed the methods outlined in 
Chapter 4. At flowering stage, roots of 5 randomly-selected plants per plot were 
carefully removed from the soil to count nodule number. First the shoot was cut at 
ground level and the roots were excavated by manually digging soil surrounding a 
plant hill, then carefully washing the root with water. Roots were separated into 0-5, 
0-10, 10-15, and > 0.15 cm depths and oven dried. Number of pods per plant, number 
of seed per pod and plant height were determined on the 5 randomly- selected plants 
per plot. Total seed yield per plot was determined in harvested areas of 0.9 x 3 m. For 
dry weight determination, shoot and root samples were dried in an oven at 70 oC for 
48 hours. Daily rainfall at each site was recorded using a rain gauge at the experimental 
site. 
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6.2.3 Statistical analysis 
All data from each site were analyzed using one-way analysis of variance to 
determine the significance of the main effects. Least significance difference (LSD) 
tests were performed to determine the significant differences among individual means. 
All statistical analyses were performed using the Cropstat version 7.2 statistical 
software (IRRI, 2009). Linear regression equations were fitted to the lime and pH 
responses to assess lime requirements and optimum soil pH for mung bean.  For the 
determination of optimum soil pH, a boundary layer regression was used on account 
of the variability of the field data. Additional linear relationships between factors were 
assessed using Excel 2010.  
6.3 RESULTS 
6.3.1 Rainfall data during experiment 
In the 2 weeks between lime application and sowing at Tramkak 1, there was 
39 mm of rainfall, while at Ponhea Krek 1, 129 mm of rain fell (Table 6.1).  During 
the growing season there was 440 mm of rainfall at Tramkak 1 but 280 mm of this fell 
in the space of 11 days late in growth (day 50-60).  Soils were waterlogged at Tramkak 
1 during field observations on 19 August 2011. Growing season rainfall was 353 mm 
at Ponhea Krek 1. 
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Table 6.1 Rainfall distribution (mm/day) during experiments at Tramkak 1 and 
Ponhea Krek 1 
Date 
Tramkak 1 Ponhea Krek 1 
May Jun Jul Aug Sep May Jun Jul Aug 
1 2.6 20.0     24.0 2.0 2.1 
2 2.7    26.7     
3    60.4   5.0 1.0 1.0 
4 8.5  16.3  15.6  6.0  3.0 
5 4.4 12.2 4.6    25.0 6.1 
44.0 
Harvesting 
6  22.6 6.3 6.0 Harvesting     
7 6.5 28.8 18.9 4.3      
8     56.5     
9  24.6   34.5 1.0 7.0  1.1 





  5.6  3.0 10.1  
12      4.0 2.0 14.5 5.0 
13  6.5 24.6     1.0  
14      1.0 10.6 8.6 3.0 
15  8.0    14.5 1.0 5.0 4.0 
16 4.4   72.0 34.6 5.0 12.0 6.0 9.4 
17    44.0 64.3  38.0 8.0  
18 34.0  4.6  34.6 20.0 2.2 2.5 1.0 
19        1.4  
20 2.3 12.3      14.1  
21       9.8 26.0  
22  10.6 10.4 38.0   4.6   
23     37.3   12.1  
24      1.0  50.0  
25  sowing  86.0  109.0  49.0  
26 14.5 12.3  40.5 49.0   8.0  
27  14.0    5.0 49.0 53.0  




 8.0  
29 2.4 12.2 24.5   60.0 1.0   
30  2.0    2.0    
31 6.0       1.0  
Total (mm) 88.3 203.3 116.7 351.2 382.4 225.1 200.2 289.4 73.6 
Rainy days 11 15 9 8 11 12 16 22 10 
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6.3.2 Soil pH 
At Tramkak 1, pH (H2O) of the sand before liming was 5.6 at 0-15 cm and 
15-25 cm depths and 5.9 at 25-35cm depth (Table 6.2). At planting time (two weeks 
after liming) and one month later the pH (H2O) of untreated sand layers of TK-T0, 
TK-T1, and KT-T8 were at similar level as they were before planting time. However, 
pH of all lime-treated sand layers were increased by 0.6 to >1 unit depending on lime 
rate. Applying double rate of lime to treat 0-15 cm depth (TK-T7) increased pH of 
sand at 0-5 cm depth by up to 1.4 unit compared with initial pH. One month after 
planting, pH of these treated layers continued to increase slightly by about 0.3 to 0.5 
unit. The pH of untreated sands, 0-5 cm below treated layers also slightly increased. 
Some of 5-10 cm untreated layers below treated sand were increased to 6.4 at planting 
time and to 6.7 at one month later (TK-T2 and T3). 
At Ponhea Krek 1, pH (H2O) of sand before liming was lower than that at 
Tramkak 1. It was 5.3 at all depths. At planting time, pH of untreated sand varied 
between 5.3 and 5.6. Applying double rate of lime (3.16 t/ha, PK-T7) within 0-15 cm 
depth increased pH of treated layer up to 7.2 at planting time and 7.8 one month later. 
It has also an effect on untreated deeper layers, by increasing pH at planting time up 
to 5.9 at 15-25 cm depth and 5.8 at 25-35 cm depth, while at one month after planting 
pH increased up to 6.8 at 15-25 cm depth. 
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Table 6.2 Effect of lime rates and depth of incorporation on pH (1:5 H2O) of the sands at different depths on sands at Tramkak 1 and Ponhea 
Krek 1 on planting date and one month after planting. Values are means of four replicates. 
Treatment 
Code 
Treatment details pH (H2O) before liming Soil pH (H2O) at seeding date  Soil pH (H2O) at one month after seeding 
































TK-T0 0.00 Control - 
4.6 5.6 5.9 
5.9 5.6 6.0 5.8 5.8 5.9 5.8 6.2 5.9 6.0 
TK-T1 0.00 Control for T8 & T9 - 5.8 5.8 5.9 5.9 5.8 5.7 5.9 5.9 5.8 5.7 
TK-T2 0.23 RR for 0-5 mm depth 0-5 6.7 6.4 6.2 5.9 5.9 6.9 6.7 6.4 6.3 6.0 
TK-T3 0.70 RR for 0-15 cm depth 0-5 7.0 6.4 5.9 6.1 6.0 7.1 6.7 6.2 6.4 6.3 
TK-T4 0.46 RR for 0-10 cm depth 0-10 6.6 6.4 6.4 5.9 5.9 7.0 6.6 6.5 6.2 6.1 
TK-T5 0.70 RR for 0-15 cm depth 0-10 6.7 6.4 6.5 6.1 6.1 7.0 6.8 6.5 6.2 6.3 
TK-T6 0.70 RR for 0-15 cm depth 0-15 6.4 6.3 6.3 6.7 6.2 7.0 6.8 6.4 6.5 6.1 
TK-T7 1.40 2 RR for 0-15 cm depth 0-15 6.8 6.4 6.2 5.7 6.5 7.3 7.1 6.5 6.4 6.3 
TK-T8 0.70 RR for 15-30 cm depth 15-30 5.6 5.6 5.8 6.4 6.1 5.9 5.8 5.9 6.8 6.6 
TK-T8* 1.40 RR for 15-30 cm depth 15-30 6.1 6.0 6.1 6.7 6.8 6.1 6.0 6.2 7.1 6.9 
TK-T9 0.70 RR for 0-30 cm depth 0-30 6.9 6.8 6.7 6.4 6.3 7.2 7.2 7.2 6.4 6.4 
TK-T9* 1.40 RR for 0-30 cm depth 0-30 6.6 6.6 6.6 6.9 6.9 6.9 6.8 7.0 7.1 7.2 
LSD (P ≤ 0.05)       0.36 0.34 0.46 0.56 0.55 0.31 0.41 0.52 0.51 0.43 
Ponhea Krek 1 
PK-T0 0 Control - 
5.3 5.3 5.3 
5.4 5.6 5.5 5.3 5.4 5.5 5.2 5.1 5.0 5.5 
PK-T1 0 Control for T8 & T9 - 5.6 5.5 5.6 5.5 5.4 5.2 5.2 5.3 5.5 5.5 
PK-T2 0.53 RR for 0-5 mm depth 0-5 6.1 5.6 6.0 5.6 5.5 7.0 6.4 6.0 5.6 5.6 
PK-T3 1.58 RR for 0-15 cm depth 0-5 6.5 6.0 5.6 6.1 5.9 6.8 6.8 6.4 6.1 6.0 
PK-T4 1.05 RR for 0-10 cm depth 0-10 6.8 6.6 5.7 5.8 5.7 6.5 6.5 6.6 6.4 6.2 
PK-T5 1.58 RR for 0-15 cm depth 0-10 6.8 6.2 5.7 5.7 5.6 6.5 6.0 6.1 5.8 5.8 
PK-T6 1.58 RR for 0-15 cm depth 0-15 7.0 6.6 5.9 5.4 5.5 7.5 6.5 6.1 6.0 6.0 
PK-T7 3.16 2 RR for 0-15 cm depth 0-15 7.2 6.5 6.0 5.9 5.8 7.8 7.2 6.8 6.1 6.1 
PK-T8 1.58 RR for 15-30 cm depth 15-30 5.2 5.8 5.9 5.5 6.1 5.2 5.9 5.7 6.3 6.7 
PK-T8* 3.16 RR for 15-30 cm depth 15-30 5.4 5.4 5.3 6.7 6.5 5.4 5.7 5.5 6.4 6.5 
PK-T9 1.58 RR for 0-30 cm depth 0-30 6.7 6.4 6.4 5.8 5.8 6.4 6.6 6.1 6.0 6.0 
PK-T9* 3.16 RR for 0-30 cm depth 0-30 6.8 6.2 6.8 6.8 6.6 6.9 6.7 6.1 6.1 6.0 
LSD (P ≤ 0.05)        0.40 0.35 0.44 0.33 0.29 0.66 0.46 0.53 0.42 0.35 
T8* and T9*: soil samples were collected within seed row. 
RR: Recommendation rate 
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At Tramkak 1, before lime application, pH(CaCl2)  of sands was 4.2 at 0-15 
and 15-25 cm depths, and 4.7 at 25-35 cm depth. After harvest, without lime 
application (TK-T0 and TK-T1) pH(CaCl2)  of sand was between 4.4 and 4.5 at 15-
35 cm depth and between 4.6 and 4.7 at 0-15 cm depth (Table 6.3). Applying lime at 
twice the recommendation rate (1.4 t/ha) to neutralise acidity within the 0-15 cm 
layer (TK-T7) increased pH(CaCl2)  up to 7.3, however, it had no effect on the 
pH(CaCl2)  in the deeper layer (15-35 cm). Mixing with a recommended rate of lime 
for any depths increased the pH(CaCl2)  within these depths to 6-6.7 but pH below 
the depth of incorporation was not increased. However, if lime was applied at higher 
rates within the 0-5 or 0-10 cm layer (TK-T3 and TK-T5), pH(CaCl2)  of next layer 
increased to 5.2 (TK-T5) to 5.4 (TK-T3). 
At Ponhea Krek 1, before lime application, pH (CaCl2) of sands were 4.0 at 
0-15 cm depth, and 3.9 at 15-25 and 25-35 cm depths.  After harvest, without lime 
treatment (PK-T0, PK-T1), the pH(CaCl2)  of the sand was around 4 at all depths, 
while application with the recommended rate of lime increased pH(CaCl2)  to around 
5, which was lower than that at Tramkak 1 (Table 6.3). Applying twice the 
recommendation rate within 15 cm depth (PK-T7) increased pH(CaCl2)  up to about 
6 but it also was lower than pH values found in Tramkak 1.  Applying 1.58 t of lime 
in 0-5 cm depth increased the pH(CaCl2)  in the 5-10 cm layer below from 4.1 to 4.4. 
By contrast, the same rate of lime mixed to 10 cm depth did not increase pH(CaCl2)  
below the depth of mixing. 
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Table 6.3 Effect of lime rates and depth of incorporation on pH (CaCl2) at different 
depths on sands at Tramkak 1 and Ponhea Krek 1 after harvesting 
Treatment 
Code 
















Tramkak 1: pH (CaCl2) before lime application 0-15 cm: 4.2; 15-25 cm: 4.2; and 25-35 cm: 4.7  
TK-T0 0.00 Control - 4.7 4.6 4.6 4.5 4.4 
TK-T1 0.00 Control for T8 & T9 - 4.7 4.6 4.6 4.4 4.5 
TK-T2 0.23 RR for 0-5 mm depth 0-5 5.9 4.9 4.7 4.6 4.5 
TK-T3 0.70 RR for 0-15 cm depth 0-5 7.0 5.4 4.8 4.5 4.5 
TK-T4 0.46 RR for 0-10 cm depth 0-10 6.4 6.3 5.0 4.5 4.5 
TK-T5 0.70 RR for 0-15 cm depth 0-10 7.1 7.0 5.2 4.5 4.4 
TK-T6 0.70 RR for 0-15 cm depth 0-15 6.4 6.4 6.3 4.7 4.5 
TK-T7 1.40 2 RR for 0-15 cm depth 0-15 7.3 7.3 7.3 4.8 4.6 
TK-T8 
0.70 RR for 15-30 cm depth 15-30 
4.6 4.5 4.7 4.8 4.5 
TK-T8* 4.5 4.5 4.7 6.0 4.6 
TK-T9 
1.40 RR for 0-30 cm depth 0-30 
6.7 6.5 6.5 5.0 4.5 
TK-T9* 6.7 6.5 6.4 6.5 4.6 
LSD (P ≤ 0.05)  0.4 0.4 0.4 0.5 0.2 
Ponhea Krek 1: pH (CaCl2) before lime application 0-15 cm: 4.0; 15-25 cm: 3.9; and 25-35 cm: 3.9 
PK-T0 0.00 Control - 4.0 3.9 3.9 3.9 4.0 
PK-T1 0.00 Control for T8 & T9 - 4.1 4.0 4.0 4.0 4.0 
PK-T2 0.53 RR for 0-5 mm depth 0-5 5.0 4.1 4.0 3.9 4.0 
PK-T3 1.58 RR for 0-15 cm depth 0-5 6.6 4.4 4.1 4.1 4.0 
PK-T4 1.05 RR for 0-10 cm depth 0-10 4.9 4.9 4.1 4.0 4.0 
PK-T5 1.58 RR for 0-15 cm depth 0-10 5.3 5.2 4.1 3.9 4.0 
PK-T6 1.58 RR for 0-15 cm depth 0-15 5.0 4.8 4.8 4.0 4.0 
PK-T7 3.16 2 RR for 0-15 cm depth 0-15 6.1 5.8 5.9 4.2 4.0 
PK-T8 
1.58 RR for 15-30 cm depth 15-30 
4.1 4.0 4.0 4.1 4.0 
PK-T8* 4.1 4.1 4.0 5.2 4.1 
PK-T9 
3.16 1 RR for 0-30 cm depth 0-30 
4.9 5.0 4.9 4.1 4.0 
PK-T9* 5.2 5.3 5.1 5.3 4.1 
LSD (P ≤ 0.05)  0.4 0.3 0.3 0.3 0.1 
T8* and T9*: soil samples were collected within seed row. 
RR: Recommendation rate 
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6.3.3  Plant growth, grain yield and root growth 
At Tramkak 1, flowering started at 39-41 days after sowing and harvesting 
was 73 days after sowing (Table 6.4). Without lime application the plant produced 
only 12-13 nodules/plant. Only treatments with deeper mixing of lime (TK-T6, 7, 9) 
had significantly increased nodule number compared to untreated sand. Roots were 
found only within 0-15 cm in all treatments. Without lime application, mung bean 
produced 0.04, 0.04, 0.03 g of root dry matter/plant at 0-5, 5-10, and 10-15 cm depth, 
respectively (TK-T0), but TK-T1 which had soil disturbance in a trench under the 
seeding row produced higher dry root weight even without lime added. Lime 
application significantly increased dry root weight, especially within 0-5 cm depth (up 
to 0.29-0.30 g/plant). Where lime was mixed to 15 cm depth, root dry weight was 
generally increased in 5-10 and 10-15 cm layers. Treatment 8 that placed lime in a 
trench at 15-30 cm increased root dry weight in 10-15 cm layer from 0.03 to 0.11 
g/plant while lime at double the recommended rate also increased root dry weight in 
the 10-15 cm layer. 
At Ponhea Krek 1, flowering and harvesting were about 10 days earlier than 
that at Tramkak 1 (Table 6.4). All lime treatments of the 0-5 cm layer doubled nodule 
number but otherwise there was no difference among lime treatments. Dry root 
weights without lime treatment at 0-5 cm depth were 0.34-0.44 g/plant (PK-T0, 1), 
which were much higher than that at Tramkak 1, but at 5-10 and 10-15 cm depth root 
dry weights were similar to Tramkak 1. Applying lime at 1.58 or 3.16 t/ha increased 
dry root weight of 0-5 cm depth up to 0.70 g/plant (PK-T6) except for Treatments 3 
and 6. Root dry weight at 10-15 cm depth increased only when 3.16 t of lime/ha was 
applied. 
173 
Table 6.4 Effect of lime application methods on days to flowering, nodule and root. 
























Tramkak 1             
TK-T0 0.00 Control - 40 73 13 0.07 0.04 0.03 
TK-T1 0.00 Control for T8 & T9 - 41 73 12 0.17 0.09 0.04 
TK-T2 0.23 RR for 0-5 mm depth 0-5 40 73 18 0.18 0.05 0.03 
TK-T3 0.70 RR for 0-15 cm depth 0-5 41 73 19 0.26 0.06 0.04 
TK-T4 0.46 RR for 0-10 cm depth 0-10 41 73 21 0.22 0.06 0.04 
TK-T5 0.70 RR for 0-15 cm depth 0-10 40 73 20 0.25 0.08 0.04 
TK-T6 0.70 RR for 0-15 cm depth 0-15 40 73 22 0.30 0.08 0.04 
TK-T7 1.40 2 RR for 0-15 cm depth 0-15 40 73 22 0.29 0.09 0.06 
TK-T8 0.70 RR for 15-30 cm depth 15-30 39 73 18 0.22 0.03 0.11 
TK-T9 1.40 RR for 0-30 cm depth 0-30 39 73 23 0.29 0.08 0.06 
LSD (P ≤ 0.05) 1.4 0.0 8.3 0.11 0.03 0.03 
Ponhea Krek 1 
PK-T0 0.00 Control - 29 62 13 0.34 0.08 0.02 
PK-T1 0.00 Control for T8 & T9 - 29 62 18 0.44 0.08 0.04 
PK-T2 0.53 RR for 0-5 mm depth 0-5 30 62 25 0.57 0.09 0.03 
PK-T3 1.58 RR for 0-15 cm depth 0-5 30 62 29 0.53 0.09 0.05 
PK-T4 1.05 RR for 0-10 cm depth 0-10 30 62 32 0.58 0.15 0.03 
PK-T5 1.58 RR for 0-15 cm depth 0-10 30 62 27 0.63 0.11 0.04 
PK-T6 1.58 RR for 0-15 cm depth 0-15 30 62 31 0.70 0.09 0.04 
PK-T7 3.16 2 RR for 0-15 cm depth 0-15 31 62 32 0.52 0.10 0.06 
PK-T8 1.58 RR for 15-30 cm depth 15-30 30 62 23 0.41 0.08 0.03 
PK-T9 3.16 1 RR for 0-30 cm depth 0-30 31 62 30 0.61 0.13 0.08 
LSD (P ≤ 0.05)  1.0 0.0 10.7 0.25 0.05 0.03 
RR: Recommendation rate 
 
Dry shoot weights without liming at Tramkak 1 were 0.59-0.61 g/plant 
(Table 6.5). Lime significantly increased shoot weight to more than 2 g/plant (TK-
T6, 7, 9). Deeper mixing of lime at the recommended rate or higher increased plant 
height up to 29 cm (TK-T7, 9), whereas without lime application plant height was 
only 19 cm. Numbers of pods per plant were similar for all treatments (4-6 
pods/plant). Only lime at the highest rate (1.4 t/ha) increased number of seed/pod 
(TK-T7, 9). The 1000-grain weight was between 37.5 (TK-T1) and 40.2 g for all 
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treatments except for the increase to 41.8 g in TK-T9.  
Without lime application, mung bean at Tramkak produced only 99-101 
kg/ha grain yield. Lime application significantly increased grain yield of all 
treatments, but maximum seed yield was obtained with the recommended rate of lime 
if mixed in 10 or 15 cm depth and with double the recommended lime rate mixed to 
15 or 30 cm depth. The highest yield obtained was 281 kg/ha when lime was applied 
to 30 cm depth. 
At Ponhea Krek 1, mung bean without lime produced 2.05-2.72 g of dry 
shoot weight/plant, which was much heavier than that at Tramkak 1 (Table 6.5). 
Lime application increased shoot weight up to 4.91 g/plant (PK-T7). Numbers of 
pods/ plant and seeds/pod increased when lime was applied to the topsoil but values 
were similar among lime rates and depth of mixing in the topsoil. Subsoil application 
of lime only did not increase pod number per plant or seed number per plant. Grain 
yields at Ponhea Krek 1 were higher than that at Tramkak 1 for all equivalent 
treatments. Without lime application, mung bean produced 222 to 248 kg of seed /ha 
(PK-T0, 1). It significantly increased up to 443 kg/ha (PK-T9), which was above 1.5 
times higher than that at Tramkak 1. Highest seed yields were obtained in the two 
treatments with 3.16 t of lime applied /ha whether mixed to 15 cm or 30 cm depth. 
Application of lime only in the subsoil trench did not significantly increase seed yield 







Table 6.5 Mung bean growth and yield response to lime rates and application 






























TK-T0 0.00 Control - 0.59 19 4 5 37.5 102 0.17 
TK-T1 0.00 Control for T8 & T9 - 0.61 19 4 5 39.1 99 0.18 
TK-T2 0.23 RR for 0-5 mm depth 0-5 1.13 21 4 6 41.2 172 0.19 
TK-T3 0.70 RR for 0-15 cm depth 0-5 1.70 25 5 6 38.4 232 0.19 
TK-T4 0.46 RR for 0-10 cm depth 0-10 1.41 24 5 6 38.2 182 0.21 
TK-T5 0.70 RR for 0-15 cm depth 0-10 1.98 25 6 6 39.1 254 0.19 
TK-T6 0.70 RR for 0-15 cm depth 0-15 2.02 25 5 6 38.5 263 0.19 
TK-T7 1.40 2 RR for 0-15 cm depth 0-15 2.06 29 5 7 40.2 270 0.19 
TK-T8 0.7 RR for 15-30 cm depth 15-30 1.04 21 4 5 40.1 155 0.19 
TK-T9 1.4 RR for 0-30 cm depth 0-30 2.25 29 5 8 41.8 281 0.20 
LSD (P ≤ 0.05)  0.48 3.1 1.1 1.9 2.98 43.6 0.02 
Ponhea Krek 1 
PK-T0 0.00 Control - 2.05 32 6 5 40.5 222 0.18 
PK-T1 0.00 Control for T8 & T9 - 2.73 35 7 5 37.1 248 0.19 
PK-T2 0.53 RR for 0-5 mm depth 0-5 3.34 35 7 6 38.4 345 0.21 
PK-T3 1.58 RR for 0-15 cm depth 0-5 3.70 38 7 7 40.2 348 0.23 
PK-T4 1.05 RR for 0-10 cm depth 0-10 3.59 36 8 7 40.2 396 0.24 
PK-T5 1.58 RR for 0-15 cm depth 0-10 3.99 34 7 7 41.2 386 0.24 
PK-T6 1.58 RR for 0-15 cm depth 0-15 4.22 40 7 7 41.4 361 0.26 
PK-T7 3.16 2 RR for 0-15 cm depth 0-15 4.91 43 7 7 40.6 400 0.25 
PK-T8 1.58 RR for 15-30 cm depth 15-30 2.49 37 6 6 39.8 266 0.21 
PK-T9 3.16 RR for 0-30 cm depth 0-30 4.23 39 8 8 42.0 443 0.27 
LSD (P ≤ 0.05)  0.61 4.3 0.5 0.8 2.84 45.4 0.03 
RR: Recommendation rate 
6.3.4 Nutrients content in mung bean leaves 
At Tramkak 1, liming has no effect on mung bean leaf N concentration (Table 
6.6). It varied between 3.24 and 3.58 %. Leaf P concentrations ranged from 0.32 to 
0.45 % but there was no obvious effect of lime treatments on the values.  Similar 
conclusions can be drawn about leaf Ca and Mg concentrations. Leaf K concentrations 
varied between 0.86 and 1.14 %, but did not differ significantly among treatments on 
Tramkak 1. The lowest lime rate (0.23 t/ha) had no effect on leaf Mn concentrations 
but further increases in lime decreased leaf Mn concentrations.  
At Ponhea Krek 1, leaf N concentration ranged from 3.05 (PK-T2, 7) to 3.65 
% (PK-T5) (Table 6.6). Leaf P, K and Ca concentrations were unaffected by lime 
treatments. Leaf Mg concentrations tended to be lower with lime concentrated in the 
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0-5 or 0-10 cm layers, but the effect of lime treatments on leaf Mg was not large. Mung 
bean in control Ponhea Krek 1 sand had over 880 mg Mn/kg in youngest fully 
expanded leaves. Lime strongly depressed leaf Mn concentration. The application of 
twice the recommended lime rate (3.16 t/ha T7) produced the lowest leaf Mn 
concentration.  Applying lime only in the subsoil (T8) while decreasing leaf Mn was 
generally less effective than the same rate of lime applied in the topsoil. Lime 
application generally decreased leaf Zn concentrations but they remained above 50 mg 
Zn/kg even with the highest lime application. 
Table 6.6 Nutrient concentration in youngest fully mature mung bean leaves at 
























TK-T0 0.00 Control - 3.58 0.40 1.02 1.53 0.41 241 60 
TK-T1 0.00 Control for T8 & T9 - 3.42 0.32 0.87 1.46 0.34 194 47 
TK-T2 0.23 RR for 0-5 mm depth 0-5 3.55 0.45 1.01 1.63 0.44 230 41 
TK-T3 0.70 RR for 0-15 cm depth 0-5 3.28 0.35 1.07 1.43 0.31 143 35 
TK-T4 0.46 RR for 0-10 cm depth 0-10 3.24 0.37 1.14 1.54 0.33 171 40 
TK-T5 0.70 RR for 0-15 cm depth 0-10 3.33 0.38 0.92 1.66 0.34 157 39 
TK-T6 0.70 RR for 0-15 cm depth 0-15 3.55 0.41 1.01 1.85 0.41 164 43 
TK-T7 1.40 2 RR for 0-15 cm depth 0-15 3.28 0.36 0.86 1.60 0.34 128 42 
TK-T8 0.7 RR for 15-30 cm depth 15-30 3.49 0.31 0.89 1.68 0.44 161 51 
TK-T9 1.4 RR for 0-30 cm depth 0-30 3.54 0.38 1.01 1.89 0.44 115 54 
LSD (P ≤ 0.05)  Ns 0.07 0.2 0.4 0.08 45.7 18.3 
Ponhea Krek 1 
PK-T0 0.00 Control - 3.39 0.32 1.30 1.80 0.64 883 89 
PK-T1 0.00 Control for T8 & T9 - 3.06 0.30 1.39 1.59 0.58 1160 111 
PK-T2 0.53 RR for 0-5 mm depth 0-5 3.05 0.28 1.26 1.66 0.42 464 75 
PK-T3 1.58 RR for 0-15 cm depth 0-5 3.35 0.31 1.26 1.62 0.61 168 67 
PK-T4 1.05 RR for 0-10 cm depth 0-10 3.40 0.28 1.24 1.76 0.41 208 67 
PK-T5 1.58 RR for 0-15 cm depth 0-10 3.65 0.29 1.08 1.94 0.63 618 79 
PK-T6 1.58 RR for 0-15 cm depth 0-15 3.27 0.27 1.21 1.95 0.48 189 68 
PK-T7 3.16 2 RR for 0-15 cm depth 0-15 3.05 0.27 1.23 1.74 0.60 120 53 
PK-T8 1.58 RR for 15-30 cm depth 15-30 3.61 0.29 1.19 1.95 0.70 518 68 
PK-T9 3.16 RR for 0-30 cm depth 0-30 3.63 0.32 1.45 1.95 0.62 423 68 
LSD (P ≤ 0.05)  0.45 0.05 ns ns 0.18 345.6 40.1 
RR: Recommendation rate 
6.3.5  Yield response to lime rate and pH 
Treatments involved different rates and depths of incorporation of lime. The 
following analysis is designed to determine how much of the response to lime 
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treatments can be attributed to rate of lime and how much to depth of incorporation.  
Seed yield was strongly correlated with the rates of lime on both sands (Figure 
6.2). Based on the regression line fitted to the relationship between lime rates and seed 
yield for the lime response, maximum relative grain yield on Tramkak 1 sand, required 
0.78 t of lime/ha (Fig 6.2; Table 6.7). On Ponhea Krek 1 sand, maximum yield was 
achieved when lime was applied at 0.93 t/ha. To achieve 90 or 95 % of maximum 
relative yield, required 0.6-0.67 t of lime /ha on sand at Tramkak 1 and 0.77-0.9 t/ha 
on sand at Ponhea Krek 1. 
 
Figure 6.2 Response of relative seed yield of mung bean to lime application rate on 
sands at Tramkak 1 (TK1) and Ponhea Krek 1 (PK1). Relative yield was plotted 
against lime rate for treatments T0, T2, T4, T5 and T7, regardless of the depth of 
incorporation. Relative yield was converted from actual yield as a percentage of the 
highest yield within each replication. The conversion was done due to significant 
difference in maximum yield among replications. 
 
The soil pH was increased with increasing the rate of lime (Table 6.7) and it 
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was positively correlated with seed yield. According to Figure 6.3, to reach maximum 
seed yield, sand pH at 0-5 cm depth should be 6.4 at Tramkak 1 and 5.8 at Ponhea 
Krek 1. For 0-15 cm depth the average pH of sand was 6.3 when mung bean reached 
to maximum yield at Tramkak 1, whereas at Ponhea Krek 1, maximum yield was 
achieved when pH averaged within 0-15 cm soil depth was only 5.6 (Figure 6.4). 
Table 6.7 Estimated lime rate to reach 90, 95 or 100 % of maximum grain yield. 
Lime rates were estimated from regression lines shown in Figure 6.2. 
Experimental site Lime rate (t/ha) 
Relative grain yield as a 












Figure 6.3 Response of seed yield of mung bean to sand pH (CaCl2) at 0-5 cm depth 
at Tramkak 1 (TK1) and Ponhea Krek1 (PK1). Relative yield was plotted against pH 
for treatments T0, T2, T4, T5 and T7. Relative yield was converted from actual yield 
as a percentage of the highest yield within each replication. The conversion was done 
due to significant difference in maximum yield among replications. 
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Figure 6.4 Response of relative seed yield of mung bean to sand pH(CaCl2)  at 0-15 
cm depth at Tramkak 1 (TK1) and Ponhea Krek (PK1). Relative yield was plotted 
against lime rate for treatments T0, T2, T4, T5 and T7. Relative yield was converted 
from actual yield as a percentage of the highest yield within each replication. The 
conversion was done due to significant difference in maximum yield among 
replications. 
 
While seed yield strongly correlated with the rates of lime on both sands 
(Figure 6.5), treating only subsoil (15-30 cm depth) significantly reduced the lime 
effect on seed yield. At Tramkak 1, when the recommended rate of lime (0.7 t/ha) was 
incorporated within 0-5 or 0-15 cm depth, mung bean produced 232 to 354 kg seed 
yield /ha, but if the same rate of lime was incorporated only at 15-30 depth seed yield 
was only 155 kg/ha. Similarly, at Ponhea Krek 1, deeper placement of lime (15-30 cm 
depth) produced lower yield compared to that with the same rate of lime, applied at 0-





Figure 6.5 Response of average seed yield of mung to rate and depth of lime 
application on two sands at Tramkak 1 (TK1) and Ponhea Krek 1 (PK1). Relative 
yield was plotted against lime rate. Blue points present response of seed yield to lime 
rate T0, T2, T2, T4, T6, and T7. Red points present response seed yield according to 
depth of lime application. Blue points were used to fit the regression line. 
6.3.6 Relationships between dry shoot, root, nodule number, leaf N 
concentration with average grain yield 
Dry weight of root and shoot and nodule number were positively correlated 
with grain yield (Figures 6.6 - 6.9). The highest correlation was obtained between dry 
shoot weight and grain yield at Ponhea Krek 1 (R2=0.99, Figure 6.8). There was no 

























































Figure 6.6 Relationship between dry shoot weight at harvest date and grain yield at 
Tramkak 1 (TK1) and Ponhea Krek1 (PK1).  
 
 
Figure 6.7 Relationship between dry root weight at flowering stage and seed yield on 
Tramkak 1 (TK1) and Ponhea Krek 1 (PK1).  
 
Figure 6.8 Relationship between number of nodules at flowering stage and seed yield 
on Tramkak 1 (TK1) and Ponhea Krek1 (PK1). 
PK1: y = 73.4x + 82.6
R² = 0.797
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Figure 6.9 Relationship between leaf N concentration at flowering stage and seed 
yield on Tramkak 1 (TK1) and Ponhea Krek1 (PK1). 
6.4 DISCUSSION 
6.4.1 Responses to lime 
On sand at Tramkak 1, without lime application, grain yield was only 99 to 102 kg/ha. 
Applying 1.4 t of lime/ha by mixing within 0-30 cm depth increased grain yield by 
175 %. There was no significant difference between yield obtaining from applying 1.4 
or 0.7 of lime t/ha within 0-15 or 0-10 cm depth. However, applying 0.7 t of lime/ha 
within 0-5 cm depth obtained significantly lower yield than the maximum yield. At 
Ponhea Krek 1, applying 3.16 t of lime/ha produced the highest grain yield, increasing 
it by 99 % compared to that on unlimed sand. Unlike sand at Tramkak 1, reducing lime 
rates to 50 % of the maximum rate significantly decreased the grain yield. However, 
applying lime within 0-5 cm depth had no significant effect on grain yield on Ponhea 
Krek 1 soil relative to mixing within 0-10 cm or 0-15 cm. 
Mung bean shoot weight and seed yield strongly responded to lime 
application. At Tramkak 1, based on results from the pot experiment (see Chapter 4), 
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required higher rate of lime (0.65 t/ha) to achieve 90 % of maximum shoot growth. In 
field condition, on both sands, to obtain 90% of maximum seed yield required about 
the rates of lime compared to that in the pot experiment: the slightly higher rates 
required in the field could be due to the use of lime with about 80 % equivalent calcium 
carbonate content. The pH values to achieved 90 % of grain yield were 6.0 for Tramkak 
1 and 5.3 for Ponhea Krek 1, which were the same as pH requirements in the pot 
experiment (Chapter 4). Higher rates of lime required in field condition may be 
expected is there is less uniform mixing lime with the soil, roots growing in deeper 
unlimed soil and periods of dry soil during the growing period, which can slow down 
dissolution of lime. 
Table 6.8 Lime requirement and optimum soil pH for 90 % of maximum mung bean 
growth (Chapter 4) or seed yield (Chapter 6) on three acid sands. 
Sand type Shoot growth Seed yield 
Lime requirement (t/ha) 
Tramkak 1 0.35* 0.60 
Ponhea Krek 1 0.65# 0.77 
Kampong Chhnang 5 0.40# - 
pH (0-15 cm) 
Tramkak 1 6.04* 6.0 
Ponhea Krek 1 5.32# 5.3 
Kampong Chhnang 4 5.64# - 
# Experiment 1, Chapter 4. 
*Experiment 2, Chapter 4. These rates produced maximum shoot weight and higher 
rate did not increase it, but there were insufficient lime treatments to determine the 
rates for 90 % of maximum shoot growth which may be lower than reported above. 
 
According to Bell (1991), the critical level of Mn concentration in recently 
matured mung bean leaves for diagnosis of toxicity is 800 mg/kg. In this study, Mn 
concentration in mung bean leaf on unlimed sand at Ponhea Krek 1 was 1160 mg/kg, 
which is well above the critical level. Applying lime at any rate and depth decreased 
leaf Mn concentration to below toxic level. At Tramkak 1, Mn concentration in mung 
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bean leaves were elevated in unlimed sand but did not exceed the critical level. By 
contrast, both low soil pH and high extractable soil Mn level and leaf Mn above the 
critical concentration led to the conclusion that Mn toxicity limited mung bean growth 
in unlimed Tramkak sand in the pot experiment (Chapter 4).). Levels of soluble Mn in 
acid soils varies with soil water status: waterlogging events in particular trigger Mn 
toxicity (Schlichting and Sparrow 1988)). The Tramkak site had relatively low rainfall 
until late in growth when waterlogging occurred. The leaf analysis results were from 
before the waterlogging. By contrast, at Ponhea Krek there was higher rainfall 
throughout the growing period for mung bean, and heavier rainfall during early 
growth.  These differences in rainfall may contribute to the evidence of Mn toxicity in 
mung bean at Ponhea Krek but not at Tramkak. 
The Al saturation of sands at Tramkak 1 and Ponhea Krek 1 were in the range 
10 – 60%, which is potentially harmful to Al toxicity-sensitive crop like mung bean 
(Dierolf et al. 2001). The effect positive effects of lime on root dry weight and nodule 
number on both sands may relate to eliminating Al toxicity (Silva, 2012). Jaiswal et 
al. (2018) from their review of the literature concluded that nodule formation was 
generally the process most sensitive to Al toxicity in legumes. Indeed the plant was 
less affected by Al toxicity if supplied with mineral N fertiliser than when reliant on 
N2 fixation.  However, some strains of Rhizobium are highly sensitive to Al toxicity 
and in this case the inhibition of the bacteria may be the main cause of poor nodulation. 
In addition, the N2 fixation process rather than nodule formation may be inhibited by 
Al toxicity. In the present experiments, since plant growth responses to lime were not 
related to leaf N concentrations it can be concluded that the N2 fixation process was 
limited by soils acidity or Al toxicity: hence it is most likely that the Al effects acted 
on inhibiting nodule formation in mung bean. 
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6.4.2 Yield relative to farmer’s yield and other experiment 
On sands of the Prey Khmer soil group, mung bean yields in the early wet 
season were previously reported to range from 0.65-1.76 t/ha (Seng et al. 2009) while 
on Prateah Lang profiles, zero yield was obtained in the same set of experiments.  Som 
et al. (2011) reported mung bean yields ranged from 0.12-0.42 t/ha with a mean of 
0.23 t/ha across 4 sites. Across 10 sites, Pin et al. (2011) reported a mean mung bean 
seed yield of 0.65 t/ha with a range from 0.17 to 1.29 t/ha.  National seed yields ranged 
from 0.7 to 0.96 t/ha during the years 2002 to 2005 (MAFF 2005). Hence, in general 
the seed yields obtained in the present experiments were below average. 
Plant population was 22 /m2.  By contrast, Pin et al. (2011) reported a plant 
population of 60 /m2 from their experiments with mung bean.  The latter plants 
averaged 12 pods/ plant and 8 seed/pod.  By contrast, the limed mung bean in the 
present experiment had only 8 pods/ plant and 7-8 seed/pod.  Hence in the present 
experiment, there was lower plant population and lower pod set per plant which would 
have limited the achievable yield and hence the full response to lime. The harvest index 
was 0.24-0.27 for mung bean in Pakistan that achieved seed yields close to 1 t/ha and 
set 15-19 pods/ plant (Ahmed et al. 2004). Hence, the plants in the present study were 
smaller and set about half the number of pods but HI (0.2 in Tramkak 1 and 0.27 in 
Ponhea Krek 1; Table 6.3) did not contribute greatly to the low seed yield. The low 
plant population may be attributed to the thinning of plants to one per hill after sowing 
three seed per hill. Retaining 2 plants per hill may have increased potential yield. Singh 
et al. (2011) reported that 40 plant/m2 increased mung bean yield relative to 33 
plants/m2 in the Punjab, India, while in Taiwan 20 plant/m2 was optimum for mung 
bean yield. However, at both sites mung bean yields were much higher than in the 
present study (1.3-2.5 t/ha) and plants were taller with 2-3 times more pods per plant. 
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In Bangladesh, Kabir and Sarker (2008) found that increased plant density from 25 to 
33 plants/m2 increased mung bean yield from 0.75 to 1.05 t/ha. The Department of 
Primary Industries Queensland recommends for dryland conditions, 20-30 plants /m2 
while for irrigated crops 30-40 plants/m2 are preferred (Department of Agriculture and 
Food 2015). Hence in the present study the plant population was probably below 
optimum. On the other hand, low numbers of pods per plant suggest other limitations 
on growth. 
Mung bean in the present experiment had complete nutrient supply mixed in 
the soil before sowing including micronutrients. However, in retrospect the rate of K 
fertiliser added was low (19.5 kg K/ka vs 60-60 kg K/ha added to peanut; Hoang et al. 
2019) and even though application was split, both sites had numerous episodes of high 
rainfall (> 40 mm in one day: see Table 6.1) which may have leached K. The leaf K 
concentrations at Tramkak 1 were < 1.1 % K and predicted to be deficient across all 
treatments for maximum yield (Bell 1991) while those at Ponhea Krek 1 were still only 
marginal (1.1-1.5 % K). Moreover, there was limited S fertiliser added and the same 
risks of S leaching as with K leaching could decrease availability to mung bean for 
podding and seed production.  
While drought is common in the early wet season (April to July), both 
experiments had high total growing season rainfall. Eight days was the longest 
continuous period without rainfall at the Tramkak site and 4 days at Ponhea Krek.  
Hence drought is not a likely limitation for yield. By contrast, heavy periods of rainfall 
especially at Tramkak 1 caused waterlogging. At Tramkak 1, several heavy rainfalls 
occurred in August (Table 6.1) and rising up of perched water level to near the soil 
surface was observed during field visit on 19 August 2011.  Growth of mung bean is 
very sensitive to waterlogging (Seng et al. 2009), including nodule function.  Indeed 
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mung bean performs very poorly on the Prateah Lang soil profiles largely because the 
crop is prone to waterlogging on this soil (Seng et al. 2009). 
6.4.3 Subsoil tillage effect and liming effect 
On both sands, there was no significant difference between numbers of 
nodules, dry shoot weight, and grain yield obtained from the two tillage methods on 
unlimed sand (T0:0-15 and T1:0-30 cm depth). Even though no roots were found 
below 15 cm depth, subsoil tillage (T1 vs T0) increased dry root weight by 43 % for 
Tramkak 1 and 23 % for Ponhea Krek 1. Incorporating lime only within subsoil (T8: 
15-30 cm) had no effect on mung bean growth and grain yield. Hence clearly in the 
present study, mung bean had shallow roots and derived little benefit from lime treated 
subsoil. In other studies on deep sands, mung bean roots up to 80 cm depth were 
reported by Buakum et al. (2012). On the other hand, there was no evidence of high 
subsoil strength that limited root depth which could be alleviated by T1 which involved 
soil disturbance and loosening to 30 cm depth. 
As the experiment was conducted in the main wet season, with regular and 
sufficient rainfall, roots evidently grew within topsoil with little penetration into the 
subsoil. Hence, subsoil treatment had little effect on plant growth. It would be useful 
to repeat this experiment over a number of years to determine how the depth of mixing 
of lime, especially the subsoil incorporation would improve mung bean yields when 
droughts occur during the growing season. Results of pot experiments in Chapter 4 
suggest that shallow topsoil mixing of lime has reduced or limited effectiveness in 
alleviating soil acidity if the topsoil remains dry for extended periods. By contrast, 
Buakum et al. (2012) found that when topsoil of sand dried out, but subsoil remained 
moist, roots of mung bean penetrated to 80 cm depth within 9 weeks of growth. 
Mung bean grown at the end of wet season, especially on paddy fields after 
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rice harvest may encounter dry topsoil but wet subsoil. In this soil moisture condition, 
roots would tend to grow deeper into the subsoil. In this case, subsoil treatment could 
have better effect on plant grow and yield. Alternatively, crops with deeper roots such 
as peanut, cassava, cowpea, would encounter subsoil acidity to a greater extent than 
mung bean, but they have greater tolerance to Al toxicity in particular (Dierolf et al. 
2001). 
6.5 CONCLUSION 
conclusion, mung bean seed yield strongly responded to lime application on 
the two acid sands. To achieve 90-95 % of maximum grain yield required 0.6-0.67 t 
of lime/ha in Tramkak 1 and 0.77-0.9 t/ha in Ponhea Krek 1. In the early wet season 
with frequent rainfall, mixing lime within 10-15 cm depth was the most efficient 
method of lime application to achieve optimum mung yield and maximum benefit. In 
contrast, incorporating lime only within subsoil had limited effect on mung bean 
growth and seed yield. However, treating subsoil acidity might have more beneficial 
effect for the deeper-rooted crops grown and in the early dry season when surface soil 
is dry but the subsoil moisture is favourable for root growth.  
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7.1 SUMMARY  
Surface sand horizons and deep sand profiles cover a large proportion of the 
landscape of Cambodia (Seng et al. 2007). Due to the prevalence of sandy materials 
and siliceous geology in Cambodia, these soils comprise 39 % of those used for 
lowland rainfed rice production (White et al. 1997). Increasingly, attention is being 
turned to agriculture (annual cropping such as cassava, forages, sugar cane; perennial 
tree crops such as cashew) on uplands of Cambodia where soils with sand surface 
horizons or deep sands are expected to be widespread based on the prevalence of 
sandstone geology (Bell et al. 2005). However, there is very limited understanding of 
the properties and distribution of soils in the uplands (Seng and White 2006). The 
edaphic properties of the sands and the diversity of sand profile types and their origin 
are poorly understood (Seng et al. 2007). The current study has made a contribution to 
the understanding constraints for upland crops in south-eastern Cambodia on acid 
sands by examination of their diversity, origin, limiting properties and potential for 
improved management. 
Results from full descriptions of 19 soil profile and of the sites 
geomorphology in the four study areas in south-eastern Cambodia (Appendix 1) 
demonstrate diversity in profile form, particle size distribution and chemical properties 
among the sand profiles. The major distinctions among sand profiles can be attributed 
to parent materials and lesser variation to colluvial processes. Hence the geological 
setting appears to be a major contributor to the diversity of sand profiles in south-
eastern Cambodia. The four study areas were selected for contrasting geological 
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settings as follows: Kampong Chhnang was in the foot hills of the Oral Mountains  
with coarse granite bedrock; Ponhea Krek was on Pleistocene alluvial sediments; 
Kampot was in the footslopes and plain below the Bokor sandstone mountains, and ; 
Tramkak crossed from the base of a sandstone mountain to old alluvial plains and 
emergent sandy rise.. Examples of the diversity of sand profiles are summarized 
below. 
In the coastal province of Kampot (Kampot 1-3), three of the four profiles in 
Kampot areas (Kampot 1-3) occurred across an elevation range from 19 to 8 m asl and 
were all classified as Prey Khmer, fine sandy phase (Chapter 2, Table 2). However, 
there were significant variations among the sand profiles in this toposequence. Few to 
common ferruginous segregations were found in the profiles, except in Kampot 1. 
Kampot 4 differed from Kampot 1-3 in having red colours in the A and B horizon 
rather than grey colours, medium sand rather than fine sand and iron-manganese 
segregations rather than ferruginous segregations. 
In Tramkak, the toposequence started from Tramkak 1 at the base of Damrei 
Romeal mountain and extended across the plain toTramkak 5 which occurred on a low 
sandy rise had deep sand profile up to 130 cm or more depth. Tramkak 3 and 4 which 
occurred on the lowest lying part of the toposequence on lowlands used for wetland 
rice production had shallow sand A horizons (22-39 cm) overlying clay-rich B 
horizons. Despite these differences in depth to clay in the profiles, all were deeply 
weathered to 190 cm or more.  
In the  Ponhea Krek study area, Ponhea Krek 1 located at the highest elevation 
and Ponhea Krek 4 at lowest elevation among the profiles in that district, were 
classified as Prateah Lang due to shallowness of the sand A horizon (15 and 30 cm, 
respectively). Ponhea Krek 2, 3 and 5 that occurred on the higher parts of the plain had 
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deep fine sand profiles and all had iron-manganese segregations in the profile.  
By contrast with other study areas, all of five Kampong Chhnang profiles, 
which were located on foothills of the Oral Mountains were deep coarse sands and 
were classified as Prey Khmer, coarse sandy phase (White et al. 1997). All the profiles 
had relatively similar colours in A and B horizons, namely dark reddish grey (5YR 4/2 
moist) to pinkish grey (5YR 7/2 moist), and all contained quartz gravels which 
occurred deeper than 34 cm in Kampong Chhnang 4 to below 120 cm in Kampong 
Chhnang 1. Only Kampong Chhnang 5 contained iron-manganese segregations but 
they were below 185 cm depth. 
 From texture analysis of sand profiles in Kampot, Tramkak and Ponhea Krek, the 
fine to medium sand fractions ranging from 63 to 200 μm and 200 to 600 μm were 
predominant in most profiles, except for Kampot 4, where the predominant fraction 
was medium sand grains from 200 to 600 μm. By contrast, in the five profiles from 
Kampong Chhnang province, the coarse sand fraction (600-2000 μm) was equally 
prevalent with medium and fine sand.  
Apart from Tramkak 4, which was assigned to the Bakan Soil Group on the basis 
of loam texture (White et al. 1997), in 15 profiles which were assigned to the Prey 
Khmer Soil Group had clay content was < 10 % within 0-80 cm depth but generally 
increased above 18 % from 80 to 135 cm depth. The remaining soils which occurred 
in the lowlands used for wetland rice were assigned to Prateah Lang Soil Group on 
account of increased clay content at < 30 cm depth.  
Sub-angular and sub-rounded grains were the major shapes of sand grains in 
most profiles (20-80 %). Sub-angular shape of sand grains in Tramkak and Kampong 
Chhnang generally decreased from the site at the base of mountain to the lower 
elevation profiles along a toposequence. In contrast, percentages of sub-rounded grains 
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were higher in the profile in the lower part of the area. Hence in both the granitic terrain 
of Kampong Chhnang and the sandstone/ quartzite terrain of Tramkak there was 
evidence of colluvial transport of sand grains resulting less angular grains with 
distance from the source rock.  
Increasing proportions of fine sands (sorting) were also evident in the particle 
size distributions along the soil toposequences in Kampot suggesting colluvial 
transport processes influence particle size distribution of sands depending on distance 
from an outcrop source of sands. Earlier authors have emphasised the role of colluvial/ 
alluvial processes during the Pleistocene in the formation of old terraces on which 
much of the wetland rice of Cambodia is grown (White et al. 1997). The profiles 
described in the lower elevations of the Tramkak (Tramkak 3-5) and the Ponhea Krek 
transects (Ponhea Krek 2-5) broadly correspond to the Pleistocene terrace. These 
profiles had highest clay and silt content, shallow sand A horizons and also were the 
sites where wetland rice was the main land use. 
Based on the above analysis and their proximity to the mountains, the sand 
profiles sampled along transects in four study areas of South-East Cambodia showed 
the influence of in situ weathering on different parent material and of colluvial 
transport of sands. There was no evidence of long range transport of the sand grains or 
of aeolian processes in re-working of the sands. Moreover, there was only weak 
evidence for a marine influence on Kampot 4 sands. 
All the 19 profiles were strongly acid with pH (CaCl2) around 4, which is 
likely to be a major constraint for most field crops (Dierolf et al. 2001). Among all 
profiles only surface pH (CaCl2) of Tramkak 4 was somewhat higher than 4 (4.7), but 
low pH of subsoil of this profile would most likely also limit root growth. The critical 
pH (CaCl2) for most plants at which Al toxicity becomes a limiting factor is in the 
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range 4.3-4.8 (Slattery et al. 1999). On this basis, all the profiles would be considered 
at risk of Al toxicity. Low pH values and relatively high exchangeable Al of Kampot 
1, 3 and Ponhea Krek 1, indicate that Al toxicity is a likely limiting factor for crop 
production. Critical levels of Al depend on crop species (Slattery et al. 1999) but mung 
bean, the test crop used in this study, is particularly sensitive to Al toxicity (Bell et al. 
1991, Dierolf et al. 2001). The occurrence of Al toxicity in mung bean was examined 
further in Chapters 4-6. 
Manganese toxicity may also be a limiting factor on acid soils of South-East 
Cambodia. The critical level at which Mn toxicity risk increases is pH (CaCl2) 5-5.5 
(Slattery et al. 1999). When waterlogging occurs even soils with pH(CaCl2) up to 6 or 
more may cause Mn toxicity (Foy et al. 1988). Hence, depending on the content of 
minerals containing Mn and the prevalence of waterlogging events, all of these sands 
represent a risk of Mn toxicity. Of the eight profiles analysed for DTPA Mn, Kampot 
4, Tramkak 1 and 4 and Kampong Chhnang 1 had values above 8 mg/kg and hence 
would be of interest for further investigation into Mn toxicity in crops. However, it is 
worth noting that on heavier textured soils, Rayment and Verrall (1980) reported that 
critical DTPA Mn concentrations for Mn toxicity in pasture species were much higher 
(60 – 100 mg/kg). Mung bean is relatively sensitive to Mn toxicity (Bell et al. 1991). 
The occurrence of Mn toxicity in mung bean was examined further in Chapters 4-6. 
In addition to the current status of acidity in these sands, the risk of 
acidification over time needs to be considered. Sands are poorly buffered against pH 
shifts due to land management practices (Noble et al. 2001). The pH buffering of 
Tramkak 1 and Ponhea Krek 1 soils were 0.6 to 1.1 t of lime/ha/ unit of pH change 
(calculated from Chapter 6). These values are low relative to other studies on acid soils 
elsewhere in the world (Edmeades and Ridley 2003). On acid sands in southwest 
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Australia, the most common lime rate at which maximum crop yields are obtained is 
2 t/ha (Anderson and Bell 2019). Cropping practices based on annual crops tend to 
acidify soils over time due to the increased leaching of nitrate-N and the removal of 
alkaline plant products (grain, straw) (Slattery et al. 1999). In addition, the decline in 
soil organic matter that occurs when sands are converted from forest vegetation to 
cropping releases Al in soluble forms that exacerbates Al toxicity (Noble et al. 2001). 
Regular application of ammonium-N fertilseirs for crop product ion will also 
accelerate the rate of acidification (Slattery et al. 1999). 
Extractable nutrient levels in almost all topsoils were at low levels, which 
represents a potential deficiency risk for crops. Olsen-P of surface layers of all profiles 
ranged from 0.8 – 2.6 mg/kg, which was below the critical level Olsen-P concentration 
for optimum crop production (e.g. 7 mk P/kg for mung bean; Bell 1991). Exchangeable 
K was below 0.04 cmol/kg and hence also deficient for most crops (Brennan and Bell 
2013). The DTPA extractable Zn concentrations were below the critical value for 
mung bean on all sands (Bell 1991).  On all except the Ponhea Krek 4 sand, extractable 
B concentrations were also below the critical value for mung bean (Bell et al. 1991).   
There are no critical concentrations established for the KCl-S soil test for 
mung bean. However, concentrations were below 7 mg/kg, the critical concentration 
for canola, and mostly within or below the critical range for wheat, 2.4-3.2 mg/kg 
(Anderson et al. 2013).  
The mineral N and organic N were also below adequate levels for crops but 
should not limit mung bean provided there is satisfactory nodulation and N fixation. 
The main limitation of acidity in the present study was on nodule formation rather than 
on nodule function. Hence growth responses were generally correlated with nodule 
number, rather than with leaf N concentrations (see Chapter 6; Figs 6.7-6.9).  
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The DPTA extractable Mn concentration varied from potentially deficient 
level (Kampot 1, Ponhea Krek 4 and Kampong Chhnang 4 to potentially toxic level 
(Tramkak 4). While initial soil levels of exchangeable Mg were low leaf Mg 
concentrations even with lime added were adequate. Hence there is no evidence at 
present that a dolomitic lime would be preferable to lime to avoid Mg deficiency. 
Hence, the selected sands analysed for nutrient status indicate in addition to acidity 
constraints, the likelihood of multiple nutrient deficiencies, with the specific 
combinations of deficient elements varying among sands. While the focus of the 
present thesis was on acidity, on sands multiple limitations are common, and increases 
in productivity can only be achieved when all the major limitations are alleviated (Bell 
et al. 1990; Hoang et al. 2015). Hence in addition to alleviating the acidity limitations, 
crop production of the sands such as those studied here will depend on developing 
integrated nutrient management programmes (Bell et al. 2015). 
Results from pot experiments showed that pH of sands responded strongly to 
lime even at rates as low as 0.13 t/ha (Table 7.1). This may due to low pH buffering 
capacity of the sands due to low organic matter and clay content. Hence, low rates of lime 
may be adequate on such sands relative to those required on clay soils. Nevertheless, there 
were substantial differences among the sands in the pH response to lime and in the 
optimum rate of lime for maximum growth of mung bean. Lime application increased 
mung bean shoot growth by over 500 % for PK and KC. Near maximum growth of mung 
bean (90-95 % of maximum) in pot experiments was achieved at 0.6-0.9 t of lime/ha in 
PK and 0.4-0.65 t of lime/ha in KC. The pH (CaCl2) associated with near maximum 
growth was 5.32-5.47 in PK and 5.64 - 5.80 in KC. The increase in shoot growth was 
related to increased root dry weight and nodule number and to decreased leaf Mn 
concentrations. By contrast, the beneficial effect of lime on root dry weight and on nodule 
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number is consistent with alleviation of Al toxicity. However, applying 2-3 t/ha or more 
lime significantly decreased shoot dry weight on both soils. The overliming effect on 
mung bean growth at 2-6 t/ha may be associated with an induced P deficiency on KC soil 
and perhaps by decreased Zn availability on both KC and PK.   
Effect of shallow lime application (within 0-7.5 cm) on subsurface pH in 
sands depends on the rate of lime and type of sand. For example, there was no 
significant increase in 7.5-15 cm pH (CaCl2) with the 0.79 t/ha rate mixed in 0-7.5 cm 
in PK, but doubling the rate of lime mixed in the surface did increase subsurface pH 
(CaCl2) from 4.01 to 4.33. On the other sands (KC and TK) even low lime rates (0.13 
to 0.35 t/ha) mixed in the surface 0-7.5 cm layer resulted in a significant 0.2 pH (CaCl2) 
unit increase in subsurface pH. These findings are promising for smallholder farmers 
in Cambodia because firstly low lime rates will be more affordable and secondly deep 
incorporation of lime is more expensive. On the other hand, re-application of lime will 
need to be more frequent with low rates of application, especially for production 
systems that have high rates of acidification. 
Lime application strongly increased mung bean growth when the whole 
profile was well watered. And even if the topsoil was allowed to dry, mung bean 
responded strongly to the topsoil liming. However, lime application was less effective 
if the topsoil (0-15 cm) only was well watered. Drying of the unlimed topsoils at its 
most extreme in TK and KC sands caused plant death.  By contrast, drying of the 
topsoil of unlimed PK strongly depressed growth but did not cause mortality.  Hence 
these results relate to the scenario where soil water is sufficient for planting seeds and 
to allow initial dissolution of lime. In this case subsequent topsoil drying depressed 
response to lime but did not negate it. Indeed, with the limed but dry topsoil there was 
a strong stimulation of subsoil root growth on all three sands. 
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Table 7.1 Effect of lime on pH (CaCl2) of the sands from three study areas. The data 
are summary the results from pot experiments in Chapter 4. 





Experiment 1 Experiment 2 Experiment 3 
0-15 cm depth 0-7.5 cm depth 7.5-15 cm depth 0-15 cm depth 
Tramkak 1 
Control (no lime) n.d 5.17 4.40 4.66 
0.35 0-7.5 n.d 6.04 4.64 n.d 
0.50 0-15 n.d n.d n.d n.d 
0.70 0-7.5 n.d 6.89 5.18 n.d 
0.70 0-15 n.d 6.05 5.54 5.91 
1.00 0-15 n.d n.d n.d n.d 
1.50 0-15 n.d n.d n.d n.d 
2.00 0-15 n.d n.d n.d n.d 
3.00 0-15 n.d n.d n.d n.d 
6.00 0-15 n.d n.d n.d n.d 
Ponhea Krek 1 
Control (no lime) 4.61 4.65 4.01 4.10 
0.50 0-15 5.29 n.d n.d n.d 
0.79 0-7.5 n.d 6.34 4.07 n.d 
1.00 0-15 5.64 n.d n.d n.d 
1.50 0-15 6.05 n.d n.d n.d 
1.58 0-7.5 n.d 6.70 4.33 n.d 
1.58 0-15 n.d 6.29 5.43 5.53 
2.00 0-15 6.31 n.d n.d n.d 
3.00 0-15 7.48 n.d n.d n.d 
6.00 0-15 8.00 n.d n.d n.d 
Kampong Chhnang 4 
Control (no lime) 4.89 4.96 4.66 4.84 
0.13 0-7.5 n.d 6.06 4.87 n.d 
0.25 0-7.5 n.d 6.91 5.08 n.d 
0.25 0-15 n.d 6.05 5.18 5.59 
0.50 0-15 5.77 n.d n.d n.d 
1.00 0-15 6.01 n.d n.d n.d 
1.50 0-15 6.25 n.d n.d n.d 
2.00 0-15 6.55 n.d n.d n.d 
3.00 0-15 7.73 n.d n.d n.d 
6.00 0-15 8.09 n.d n.d n.d 
* n.d: no data 
 
The experiment on the effects of application rates, depth of incorporation and 
forms of liming material on pH and cation levels of acid sands under repeated leaching 
events was probably compromised by the quality of irrigation water applied, but 
suggested that all study sands strongly responded to lime incorporation by increasing 
significantly the pH of treated soil and Ca concentration in the solution and leachate.  
An effect of lime on soil below the lime-treated layer was also observed. pH of subsoil 
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was increased up to 15 cm below the depth of the CaCO3-treated layer and up to 25 
cm below the depth of the Ca(OH)2-treated soil. Increases in exchangeable Ca were 
found for up to 10 cm below the depth of Ca(OH)2 incorporation and with CaCO3 
added at 1 t/ha. The mobility of alkalinity from lime, as reflected by increased 
subsurface pH, was greater in the low clay Tramkak 1 sand (2 % clay) than in the 
Ponhea Krek sand that had 9 % clay. Hence the greater pH buffering with increased 
clay content in topsoil may restrict the ability of surface incorporated lime to achieve 
subsurface pH increases in sands of Cambodia. On these soils, higher lime rates may 
be needed to ameliorate the subsurface soils, as lime mobility into the subsoil in 
dryland sands requires higher rates of application (Whitten et al. 2000). 
In field experiments on acid sands at Tramkak and Ponhea Krek, mung bean 
seed yield also strongly responded to lime application. For mung bean to achieve 90-
95% of maximum seed yield required similar rates of lime compared to that in the pot 
experiment (0.6-0.7 and 0.8-0.9 of lime/ha for Tramkak 1 and Ponhea Krek 1, 
respectively). The pH CaCl2 values (0-15 cm) to achieved 90 % of maximum grain 
yield were 6.0 for Tramkak 1 and 5.3 for Ponhea Krek 1, which were the same as pH 
requirements in the pot experiment. The. main difference between Tramkak 1 and 
Ponhea Krek 1 soils was the higher clay content (9 vs 2 %), suggesting that clay content 
may be a predictor of the lime rates required. However, more extensive testing of lime 
responses across a wider range of field sites is warranted to determine the most 
effective and profitable rates to apply. The higher rates of lime required in field 
conditions may be attributed to the use of lime with 20 % lower effectiveness, less 
uniform mixing of lime with the soil, the exposure of deeper roots to acidity in unlimed 
subsoil and longer periods of dry soil during the growing period, which can slow down 
the dissolution of lime. In contrast, in the pot experiment, lime was uniformly mixed 
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with all the soil and soil water was kept at field capacity for the whole growing period. 
These results highlight the value of field testing to determine the optimum lime rates. 
7.2 LIMITATIONS AND FURTHER RESEARCH 
In Chapter 2, study on the origin of acid sands of south-eastern Cambodia was 
based on data from 19 profiles collected from 4 study areas. One limitation for the 
interpretation of origins of the sands was the absence of bedrock at the base of soil 
profiles despite most sampling extending to 2 m depth or more. Newsome et al. (1999) 
compared quartz grain particle size and surface texture of bedrock with surface texture 
of sand in the overlying profile to identify the origin of sand terrains in Western 
Australia. Deep sampling of soil profiles until reaching bedrock may provide more 
definitive evidence of the origin of the sands in Cambodia by comparing mineralogy, 
quartz grain properties and surface texture of sand grains of bedrock with those in the 
overlying sand profile.  
   While considerable diversity was demonstrated amongst sand profiles in the four 
study toposequences in south-eastern Cambodia, the present study was not a 
comprehensive study of parent material, relief differences or rainfall that may 
influence sand profiles. For example, granite outcrops in the Kampot fold belt of 
southern Cambodia were not studied. Neither were the sand profiles examined at 
higher elevations on Bokor mountain which is predominantly sandstone but includes 
conglomerate strata, or at higher elevations in the Oral Mountains or the Damrei 
Romneal Mountains. More detailed study of the sands on an old marine terrace (20-30 
m asl), which I located in Preah Sihanouk province, about 50 km west of the Kampot 
study area may also yield additional insights into the varied origins of sands. In 
addition, for each of the study areas, there may be further variation in landform 
elements based on variations in elevation and slope that contribute a more diverse set 
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of profiles to those already examined. Finally, there is scope for similar studies across 
the many other parts of Cambodia where siliceous parent materials occur to identify 
similarities and differences among the sand profiles that occur. For example, in a 
recent reconnaissance survey in Kampong Speu province in the foothills of Oral 
mountain, granitic profiles were identified. They had similar properties to the 
Kampong Chhnang granitic sands but the quartz grain size was coarser. 
Part of the uncertainty about where to focus further studies comes from errors 
in the geology maps such as that identified for Takeo. According to the geology map 
(MRC 2002), Damrei Romeal Mountain, which is located in Tramkak study area, was 
mapped as quartzite. However, sandstone was also observed on the lower eastern 
slopes of Damrei Romneal Mountain, upslope of the Tramkak 1 profiles. Soil derived 
from weathering products of quartzite can contain a high coarse sand fraction but this 
is not a case for the profiles in Tramkak. Further investigation may be needed to verify 
the dominant geology of the eastern slopes of the Damrei Romeal Mountain to 
establish the relative proportions of sandstone and quartzite in the rock that is the 
probable source for sands described in profiles Tramkak 1-3. More detailed geology 
maps across Cambodia would assist with targeting areas for more detailed sand 
investigation. Alternatively, landscape analysis based on slope, elevation, satellite 
imagery and digital soil mapping may be used to more systematically survey the whole 
of Cambodia for regional variations in soils. 
The field experiments on lime application were conducted for only one 
season. Variation from season to season and year to year in terms of rainfall will alter 
crop responses. For example, the field experiments were conducted only in the main 
wet season when soil moisture supply in topsoil was favorable for mung bean roots to 
grow meaning that roots remained mostly in topsoil. In those circumstances, treating 
201 
subsoil at 15-30 cm depth had little effect on mung bean growth and yield. However, 
longer term effects of lime on sands together with seasonal variations in rainfall need 
further research. The present study used mung bean as an acid-sensitive test crop. 
However, it was also shallow rooted in the present and this may have limited the level 
of benefit from lime treated subsoil. It would be useful to repeat experiments over a 
number of years to determine how the depth of mixing of lime, especially the subsoil 
incorporations would improve yields of a diversity of crops (deep vs shallow roots, 
acid sensitive vs tolerant) especially when droughts occur during the growing season. 
Increase in soil pH and decrease in Mn and Zn concentration in mung bean 
leaves were obvious. However, grain yield received from the field experiments were 
generally low. Low crop yield can be due not only to toxicities of Al, Mn, and Zn, but 
also to many other factors including water, nutrients and their interaction, soil strength 
and compaction. For this reason, the further research on balanced fertilizer use, water 
management, and land preparation may yield significant improvements in crop 
production on sandy soils.  
7.3 IMPLICATION 
The purpose of liming is to neutralise the exchangeable Al or decrease the 
soluble Mn by increasing soil pH to a level suitable for crop requirement. Factors to 
be considered in a liming programme are: 1) the amount of lime needed to decrease 
the percentage Al saturation to a level at which the particular crop and variety will 
grow well or to eliminate Mn toxicity; 2) the quality of lime, and; 3) the placement 
method. 
Effect of lime incorporation within surface layer on the pH of subsurface 
layers depended on lime rate and sand type. In the sand with higher clay content 
(Ponhea Krek 1 with 9 % clay) applying 0.79 t of lime/ha within 0-7.5 cm depth had 
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no effect on pH (CaCl2) of the subsoil layer of sand. By contrast, on another sand 
(Tramkak 1 with 2 % clay) even low lime rates (0.13 to 0.35 t/ha) mixed in the surface 
0-7.5 cm layer resulted in a significant increase in subsoil pH.  Cifu et al (2004) found 
that the effect of lime on acidity of red soil (Ultisol) could last for 5 to 14 years depend 
on lime rate and the subsoil (20-60 cm depth) acidity started to decrease from year 4. 
For high clay content soil, lime should be applied as deep as possible within the root 
zone, otherwise if lime is applied only with surface layers, shallow rooted crops should 
be grown for the first/or second year. 
Mung bean grown at the end of wet season, especially on paddy fields after 
rice harvest, may encounter dry topsoil but wet subsoil. In this soil moisture condition, 
roots would tend to grow deeper to the subsoil (Buakum et al. 2012). In this case 
subsoil lime treatment could have better effect on plant grow and yield. Alternatively, 
crops with deeper roots such as peanut, cassava, cowpea would encounter subsoil 
acidity to a greater extent than mung bean but they have greater tolerance to Al toxicity 
in particular (Dierolf et al. 2001). 
Among pot and field experiments conducted in this study, substantial 
variations in leaf Mn and soil Al were recorded even on the same soil. The reasons are 
not clear. Some of the difference can be ascribed to differences in sampling site and 
depth which produce variations in the sand sample. Some variation may be attributed 
to the poorly buffered nature of acid sands. Hence variations in the level of crop residue 
incorporated in the sands (Butterly et al. 2013), and changes in the ionic strength of 
the soil solution may produce significant pH changes (Edmeades and Ridley 2003).  
Addition of fertilisers, mineralization of organic matter, leaching of ions can all lead 
to variation in ionic strength and hence may contribute to the soil solution pH that in 
turn alters the incidence or severity of Al toxicity and Mn toxicity.  Strategies may be 
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needed to minimize this level of variability from experiment to experiment in order to 
pursue a more systematic comparison of acidity responses among diverse soils and 
crop species on sands of Cambodia. 
In summary, from particle size analysis and sand grain shape and the form of 
sand profiles in the study areas, key physical properties were attributed to in situ 
weathering of siliceous parent materials and to a lesser extent colluvial transport of 
sands. All the sands were strongly acid with pH (CaCl2) around 4 and their low nutrient 
status indicate the likelihood of multiple nutrient deficiencies, with the specific 
combinations of deficient elements varying among sands. Mung bean grown on these 
sands strongly responded to lime application but dry topsoil suppressed growth 
response. There was evidence of  mobility of exchangable Ca from lime-treated topsoil 
to the untreated subsoil as well as pH increases up to 25 cm below the depth of lime 
incorporation.  These findings suggest that despite the diversity of sand profile 
properties, the consistency of the severe acidity constraint indicate that more research 
should focus on both cost-effective treatments for acidity and the identification of acid-
tolerant germplasm for crop production on sands in Cambodia.
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 Project & Site Code: SSC HS004 Described by: Hin Sarith Date: 17/12/2008 




Location: Datum: IND60 Zone: 48 393885 mE 1168981 mN  GPS measurement 
Elevation (m): 19 
Location notes: About 30 m from the site to the north there are many big rock 
outcrops 
Province: KAMPOT District: Kampot 
Commune: Kaoh Touch Village: Preaek Ampil 
Disturbance: no influence (assumed near natural) 
Landform 
Landform pattern: mountain  
Relief/modal slope: low-gradient footslope  
Landform element: slope   
Morphological type: lower slope  
Slope curvature: straight 
Vegetation 
Type, Site:  shrub Type, Surrounds:  shrub 
Land use 
Site: clear felling Surrounds: clear felling 
 
Current Classification 















A 0-18 dark reddish grey (5YR 4/2 moist), grey (5YR 6/1 dry) fine sand; 
slightly hard dry consistence, non sticky, non plastic; moderate, 
fine, granular structure; few roots, medium; abrupt, smooth 
boundary. 
AB 18-50 pale red (2.5YR 6/2 moist), pink (7.5YR 7/4 dry) fine sand; many 
coarse prominent yellowish red (5YR 4/6 moist) redox mottles; 
slightly hard dry consistence, non sticky, non plastic; moderate, 
fine, granular structure; common roots, fine; gradual, smooth 
boundary. 
Bv 50-90 reddish yellow (7.5YR 6/8 moist) fine sand; very friable 
moderately moist consistence, non sticky, non plastic; weak, fine, 
granular structure; common roots, fine; diffuse, smooth boundary. 
 90-130 reddish yellow (7.5YR 7/6 moist) fine sand; friable moist 
consistence, slightly sticky, slightly plastic; few roots, fine; diffuse, 
wavy boundary. 
 90-158 pink (7.5YR 7/4 moist) loamy sand; very few coarse prominent red 
(10R 4/6 moist) redox mottles; friable moist consistence, slightly 
sticky, slightly plastic; few roots, fine; diffuse, wavy boundary. 
 158-220 pink (5YR 7/3 moist) sandy clay loam; common medium 
prominent red (10R 4/6 moist) redox mottles; friable moist 
consistence, slightly sticky, slightly plastic; few roots, fine. 
 220-270+ reddish yellow (5YR 6/8 moist) sandy clay loam; abundant coarse 
prominent dark red (10R 3/6 moist) redox mottles; friable moist 






Project & Site Code: SSC HS001 Described by: Hin Sarith Date: 16/12/2008 




Location: Datum: IND60 Zone: 48 404320 mE 1167649 mN  GPS measurement  
Elevation (m): 15 
Province: KAMPOT District: Kampot 




Landform pattern: upland  
Relief/modal slope: low-gradient footslope  
Landform element: terrace   
Slope curvature: straight  
 
Surface and Hydrological Properties 
Rock outcrop:  % no rocks 
Surface coarse fragments:  
 
Vegetation 
Notes: Some mango trees are planted in the land 
 
Land use 










Soil Profile Description 
 
 
Horizon Depth (cm) Description 
 0-20 pinkish grey (7.5YR 6/2 moist), dark reddish grey (5YR 4/2 dry) 
fine sand; no mottles; very friable dry consistence, non sticky, non 
plastic; weak, fine, granular structure; common roots, fine; no 
coarse fragments; few, fine, low porosity, vughs void; clear, smooth 
boundary. 
 20-45 light reddish brown (5YR 6/3 moist) fine sand; no mottles; very 
friable moderately moist consistence, non sticky, non plastic; weak, 
fine, granular structure; few roots, fine; no coarse fragments; very 
few, fine, very low porosity, vughs void; clear, wavy boundary. 
 45-65 strong brown (7.5YR 5/6 moist) loamy sand; very few very fine 
reddish brown (2.5YR 5/4 moist) redox mottles; firm moderately 
moist consistence, non sticky, non plastic; moderate, medium, 
subangular blocky structure; no roots; very few, fine, very low 
porosity, vughs void; gradual, wavy boundary. 
 65-95 yellowish red (5YR 5/8 moist) sandy clay loam; red (2.5YR 5/6 
moist) redox mottles; friable moist consistence, slightly sticky, 
slightly plastic; massive structure; no roots; very few, fine, very low 
porosity, vughs void; gradual, smooth boundary. 
 95-160 light reddish brown (2.5YR 7/4 moist) sandy clay loam; many 
coarse red (2.5YR 5/6 moist) redox mottles; friable moist 
consistence, slightly sticky, slightly plastic; massive structure; no 
roots; very few, fine and very fine, very low porosity, vughs void. 
 160-180 pink (5YR 7/4 moist) sandy clay; many coarse red (2.5YR 5/8 
moist) mottles; firm moist consistence, slightly sticky, slightly 
plastic; no roots. 
 180-220 pinkish grey (5YR 7/2 moist) clay; many coarse dark reddish brown 
(2.5YR 3/4 moist) mottles; firm moist consistence, sticky, plastic; 
few segregations, fine iron (ferruginous) rounded reddish brown 
hard; no roots. 
 220-250 pinkish grey (5YR 7/2 moist) clay; firm moist consistence, sticky, 
plastic; common segregations, medium iron (ferruginous) irregular 




Kampot 3  
 
Project & Site Code: SSC HS003 Described by: Hin Sarith Date: 17/12/2008 




Location: Datum: IND60 Zone: 48 394104 mE 1168573 mN  GPS measurement 
Elevation (m): 8 
Province: KAMPOT District: Kampot 
Commune: Kaoh Touch Village: Preaek Ampil 
 
Disturbance: moderately disturbed vegetation 
 
Landform 
Landform pattern: coastal plain  
Relief/modal slope: low-gradient footslope  
Landform element: slope   
Morphological type: lower slope  
Microrelief:  even :  
Slope curvature: convex 
 
Vegetation 
Type, Site:  Type, Surrounds:  no vegetation 
Crop:  
Notes: The land at site has been used for peanut, sweet potato in the wet season. 
 
Land use 
Site: fallow system cultivation Surrounds: fallow system cultivation 
 
Current Classification 

















A 0-13 grey (5YR 5/1 moist), pinkish grey (5YR 6/2 dry) fine sand; soft 
dry consistence, non sticky, non plastic; weak, fine, subangular 
blocky structure; common roots, fine; clear, irregular boundary. 
A 13-30 dark reddish grey (5YR 4/2 moist), pinkish grey (5YR 7/2 dry) 
fine sand; soft dry consistence, non sticky, non plastic; weak, fine, 
subangular blocky structure; few roots, very fine; clear, smooth 
boundary. 
AB 30-48 light reddish brown (5YR 6/4 moist), pinkish grey (7.5YR 7/2 
dry) loamy fine sand; slightly hard dry consistence, slightly 
sticky, slightly plastic; moderate, medium, subangular blocky 
structure; few roots, very fine; clear, smooth boundary. 
B 48-80 reddish yellow (5YR 7/6 moist) sandy clay loam; common 
medium prominent reddish yellow (7.5YR 6/8 moist) mottles; 
slightly hard moderately moist consistence, slightly sticky, 
slightly plastic; few roots, very fine; gradual, smooth boundary. 
C 80-120 pinkish yellow (7.5YR 8/2 moist) sandy clay; many coarse red 
(2.5YR 5/6 moist) mottles; firm moist consistence, sticky, plastic; 
gradual, smooth boundary. 
 120-170 pinkish yellow (7.5YR 8/2 moist) sandy clay; abundant medium 
reddish brown (2.5YR 4/4 moist) mottles; firm moist consistence, 
sticky, plastic; common segregations, fine iron (ferruginous) 
rounded reddish brown hard. 
 170-235+ pinkish yellow (7.5YR 8/2 moist) heavy clay; abundant coarse 
reddish brown (2.5YR 4/4 moist) mottles; moist soil, sticky, 
plastic; many segregations, medium iron (ferruginous) irregular 
reddish brown hard. 
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 Kampot 4 
 
Project & Site Code: SSC HS002 Described by: Hin Sarith  Date: 16/12/2008 




Location: Datum: IND60 Zone: 48 396319 mE 1166086 mN  GPS measurement  
Elevation (m): 10 
Location notes: The site is about 80 m from the sea. 
Province: KAMPOT District: Kampot 
Commune: Kaoh Touch Village: Preaek Ampil 
Disturbance: no influence (assumed near natural) 
Landform 
Landform pattern: beach  
Relief/modal slope: sloping land  
Landform element: slope   
Morphological type: lower slope  
Slope curvature: convex 
 
Surface and Hydrological Properties 
Rock outcrop:  % no rocks 
 
Vegetation 
Type, Site:  shrub Type, Surrounds:  shrub 
 
Land use 
Site: clear felling Surrounds: clear felling 
 
Current Classification 











Horizon Depth (cm) Description 
A 0-20 dark reddish brown (5YR 3/3 moist), reddish brown (5YR 4/4 dry) 
medium sand; very friable dry consistence, non sticky, non plastic; 
massive structure; common roots, fine; clear, smooth boundary. 
AB 20-57 reddish brown (2.5YR 5/4 moist), reddish brown (5YR 5/4 dry) 
medium sand; loose dry consistence, non sticky, non plastic; 
massive structure; common roots, fine; clear, smooth boundary. 
B 57-80+ strong brown (7.5YR 5/6 moist), yellowish red (5YR 5/6 dry) 
medium sand; loose dry consistence, non sticky, non plastic; 
massive structure; few roots, fine; gradual, irregular boundary. 
C 80-105 reddish yellow (7.5YR 6/8 moist), pink (5YR 8/4 dry) medium 
sand; loose moderately moist consistence, non sticky, non plastic; 
massive structure; few roots, fine; gradual, irregular boundary. 
 105-145 medium sand; loose moist consistence, non sticky, non plastic; 
massive structure; few roots, fine; gradual, irregular boundary. 
 145-175 dark red (2.5YR 3/6 moist) loamy fine sand; very friable moist 
consistence, non sticky, non plastic; massive structure; many 
segregations, medium iron-manganese (sesquioxides) irregular 
reddish brown hard; gradual, irregular boundary. 
 175-240 dark red (2.5YR 3/6 moist) fine sandy loam; friable wet 
consistence, slightly sticky, slightly plastic; abundant segregations, 







Project & Site Code: SSC HS005  Described by: Hin Sarith Date: 23/12/2009 




Location: Datum: IND60 Zone: 48 451562 mE 1214584 mN  GPS measurement 
Elevation (m): 55 
Province: TAKEO District: Tramkak 




Landform pattern: mountain  
Relief/modal slope: low-gradient footslope  
Landform element: slope   
Slope curvature: straight  
 
Surface and Hydrological Properties 
Rock outcrop:  no outcrop 
Physical properties: water table at 155 cm 
 
Land use 
Site: rainfed arable cultivation Surrounds: rainfed arable cultivation 
 
Current Classification 













A 0-18 reddish brown (5YR 5/3 moist) fine sand; friable moderately 
moist consistence, non sticky, non plastic; weak structure; 
common roots, fine; clear, wavy boundary. 
AB 18-55 pink (7.5YR 7/4 moist) fine sand; friable moist consistence, non 
sticky, non plastic; weak structure; few roots, very fine; diffuse, 
irregular boundary. 
B 55-91 reddish yellow (7.5YR 6/8 moist) fine sand; friable moist 
consistence, non sticky, non plastic; gradual, irregular boundary. 
 91-160 reddish yellow (7.5YR 6/6 moist) fine sand; many medium 
distinct yellowish red (5YR 5/8 moist) mottles; firm moist 
consistence, non sticky, non plastic; moderate, fine, angular 
blocky structure; diffuse, irregular boundary. 
 160-190 pink (5YR 7/3 moist) coarse sand; firm wet consistence, slightly 
sticky, slightly plastic. 
 190-225 pink (5YR 7/3 moist) sandy loam; firm wet consistence, slightly 
sticky, slightly plastic. 







Project & Site Code: SSC HS006   Described by: Hin Sarith Date: 23/12/2009 




Location: Datum: IND60 Zone: 48 454435 mE 1215013 mN  GPS measurement 
Elevation (m): 32 
Province: TAKEO District: Tramkak 





Landform pattern: plain  
Relief/modal slope: plain  
Landform element:   
Morphological type: Intermediate part of flat  
Microrelief:  level   
 
Surface and Hydrological Properties 
Physical properties: water table at 85 cm 
 
Vegetation 
Crop:  rice 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 





Soil Profile Description 
 
 
Horizon Depth (cm) Description 
A 0-22 dark reddish brown (5YR 3/4 moist) sandy loam; few very fine 
reddish brown (2.5YR 5/4 moist) mottles; friable moist 
consistence, slightly sticky, slightly plastic; moderate, medium, 
subangular blocky structure; many roots, fine; clear, smooth 
boundary. 
AB 22-43 reddish brown (5YR 5/4 moist) loamy sand; few fine reddish 
yellow (7.5YR 6/8 moist) redox mottles; friable moist 
consistence, slightly sticky, slightly plastic; weak, fine, 
subangular blocky structure; few roots, very fine; gradual, smooth 
boundary. 
B 43-65 pink (5YR 7/4 moist) loamy sand; few medium red (2.5YR 5/6 
moist) redox mottles; friable moist consistence, non sticky, 
slightly plastic; few roots, very fine; gradual, irregular boundary. 
 65-110 reddish yellow (5YR 7/6 moist) medium sand; few medium red 
(2.5YR 4/6 moist) mottles; friable moist consistence, non sticky, 
non plastic; gradual, irregular boundary. 
 110-135 reddish yellow (5YR 6/6 moist) medium sand; abundant medium 
red (2.5YR 5/6 moist) mottles; friable wet consistence, non 
sticky, non plastic. 
 135-180 pinkish yellow (7.5YR 8/2 moist) sandy clay; abundant coarse 
yellowish brown (10YR 5/8 moist) mottles; firm wet consistence, 
sticky, plastic; many segregations, medium irregular reddish 
brown hard. 
 180-200+ pinkish grey (7.5YR 6/2 moist) clay; no mottles; wet soil, sticky, 
plastic; abundant segregations, medium iron (ferruginous) 






Project & Site Code: SSC HS007      Described by: Hin Sarith Date: 24/12/2008 




Location: Datum: IND60 Zone: 48 458673 mE 1214958 mN  GPS measurement 
Elevation (m): 17 
Province: TAKEO District: Tramkak 
Commune: Ta Phem Village: Ba Khong Khang Lech 
 
Landform 
Landform pattern: plain  
Relief/modal slope: plain  
 
Surface and Hydrological Properties 
Physical properties: water table at 92 cm 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 
Local Soil Name: Bakan, no phase specified (provisional) 
 
 
   
239 
 




Horizon Depth (cm) Description 
A 0-22 light reddish brown (5YR 6/3 moist) fine sandy loam; common fine 
distinct dark brown (7.5YR 3/4 moist) biological mottles; firm 
moderately moist consistence, slightly sticky, slightly plastic; 
moderate, medium, subangular blocky structure; common roots, 
fine; few, fine, low porosity void; clear, smooth boundary. 
AB 22-39 reddish grey (5YR 5/2 moist) sandy clay; few very fine distinct dark 
brown (7.5YR 3/4 moist) redox mottles; firm moist consistence, 
sticky, plastic; moderate, medium, subangular prismatic structure; 
few roots, very fine; few, fine, low porosity void; gradual, irregular 
boundary. 
B 39-60 pink (5YR 7/4 moist) sandy clay; many medium distinct reddish 
yellow (7.5YR 6/8 moist) redox mottles; firm moist consistence, 
sticky, plastic; moderate, medium, subangular prismatic structure; 
no roots; few, medium, medium porosity void; diffuse, irregular 
boundary. 
 60-110 pink (5YR 7/4 moist) clay; many medium distinct dark brown 
(7.5YR 3/4 moist) redox mottles; moist soil, very sticky, very 
plastic; no roots; few, medium, medium porosity void. 
 110-155 pinkish grey (7.5YR 7/2 moist) heavy clay; common medium 
distinct reddish brown (2.5YR 4/4 moist) mottles and few medium 
distinct yellowish red (5YR 5/8 moist) mottles; wet soil, very sticky, 
very plastic; no roots. 
 155-190+ pinkish grey (7.5YR 7/2 moist) heavy clay; many coarse distinct 
yellowish red (5YR 5/8 moist) mottles; wet soil, very sticky, very 





Project & Site Code: SSC HS008     Described by: Hin Sarith Date: 24/12/2008 




Location: Datum: IND60 Zone: 48 464503 mE 1213007 mN  GPS measurement 
Elevation (m): 10 
Province: TAKEO District: Tramkak 




Landform pattern: plain   
Landform element: flood plain   
 
Surface and Hydrological Properties 
Physical properties: water table at 109 cm 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 











Horizon Depth (cm) Description 
A 0-12 pinkish grey (5YR 6/2 moist) loamy sand; common very fine 
faint dark yellowish brown (10YR 4/8 moist) biological mottles; 
friable moist consistence, slightly sticky, slightly plastic; weak, 
very fine structure; common roots, fine; few, fine, low porosity 
void; clear, wavy boundary. 
AB 12-25 pink (5YR 7/3 moist) loamy sand; common very fine distinct 
yellowish brown (10YR 5/8 moist) biological mottles; friable 
moist consistence, slightly sticky, slightly plastic; moderate, fine 
and medium, subangular blocky structure; few roots, very fine; 
few, fine, low porosity void; clear, smooth boundary. 
B 25-50 pink (5YR 7/4 moist) sandy clay; many coarse distinct reddish 
yellow (7.5YR 6/6 moist) mottles; firm moist consistence, 
sticky, plastic; moderate, coarse, platy structure; few roots, very 
fine; common, fine and medium, medium porosity void; diffuse, 
irregular boundary. 
C 50-95 pink (5YR 8/3 moist) clay; abundant coarse distinct strong 
brown (7.5YR 5/6 moist) mottles; firm wet consistence, sticky, 
plastic; strong, coarse, platy structure; no roots; common, fine 
and medium, medium porosity void; diffuse, irregular boundary. 
 95-140 pinkish white (5YR 8/2 moist) heavy clay; abundant coarse 
prominent brown (7.5YR 4/4 moist) mottles; firm wet 
consistence, very sticky, very plastic; strong, coarse, platy 
structure; few segregations, fine iron-manganese (sesquioxides) 
irregular black hard; few, fine and very fine, low porosity void. 
 140-190 pinkish grey (7.5YR 7/2 moist) heavy clay; abundant coarse 
prominent reddish brown (2.5YR 4/4 moist) mottles and many 
coarse distinct brownish yellow (10YR 6/8 moist) mottles; wet 
soil, very sticky, very plastic; many segregations, medium iron 
(ferruginous) irregular reddish brown hard; few, fine and 






Project & Site Code: SSC HS009    Described by: Hin Sarith Date: 25/12/2008 




Location: Datum: IND60 Zone: 48 465881 mE 1213435 mN  GPS measurement 
Elevation (m): 18 
Province: TAKEO District: Tramkak 




Landform pattern: plateau  
Relief/modal slope: plateau    
Morphological type: middle slope  
Microrelief:  level   
Slope curvature: convex 
 
Surface and Hydrological Properties 
Vegetation 
Type, Site:  Type, Surrounds:  
Crop:  sweet potato 
 
Land use 
Site: rainfed arable cultivation Surrounds: plantation forestry 
 
Current Classification 





Soil Profile Description 
 
 
Horizon Depth (cm) Description 
A 0-21 pinkish grey (5YR 6/2 moist) loamy sand; common very fine distinct 
brown (7.5YR 4/4 moist) mottles; very friable moist consistence, 
slightly sticky, slightly plastic; moderate, fine and medium, 
subangular blocky structure; many roots, fine; common, fine and very 
fine, vughs void; gradual, smooth boundary. 
AB 21-52 pink (5YR 7/4 moist) medium sand; few medium faint mottles; friable 
moist consistence, slightly sticky, non plastic; weak, fine and medium, 
subangular blocky structure; few roots, very fine; few, fine, vughs 
void; gradual, irregular boundary. 
B 52-94 pink (7.5YR 7/4 moist) medium sand; common coarse faint reddish 
yellow (7.5YR 6/8 moist) mottles; friable moist consistence, non 
sticky, non plastic; weak, fine and medium, subangular blocky 
structure; few roots, very fine; few, fine, vughs void; gradual, irregular 
boundary. 
 94-115 pink (5YR 7/3 moist) medium sand; very few coarse distinct brownish 
yellow (10YR 6/8 moist) mottles; friable moist consistence, slightly 
sticky, slightly plastic; weak, fine and medium, subangular blocky 
structure; no roots; few, fine, vughs void; clear, wavy boundary. 
 115-130 pinkish white (5YR 8/2 moist) sandy clay loam; common coarse 
prominent reddish brown (2.5YR 4/4 moist) mottles and common 
coarse prominent reddish yellow (7.5YR 6/8 moist) mottles; firm 
moist consistence, slightly sticky, slightly plastic; moderate to strong, 
fine and medium, subangular blocky structure; no roots; very few, 
fine, vughs void; gradual, irregular boundary. 
 130-165 pinkish grey (5YR 7/2 moist) sandy clay loam; no mottles; firm moist 
consistence, slightly sticky, slightly plastic; moderate to strong, fine 
and medium, subangular blocky structure; very few, fine, vughs void. 
 165-210 pinkish grey (5YR 7/2 moist) sandy clay; few medium reddish yellow 
(7.5YR 6/8 moist) mottles; firm moist consistence, sticky, plastic; 
common segregations, medium iron (ferruginous) irregular reddish 
brown hard. 
 210-250 pinkish grey (5YR 6/2 moist) clay; no mottles; moist soil, sticky, 
plastic; abundant segregations, medium iron (ferruginous) irregular 




Ponhea Krek 1 
 
Project & Site Code: SSC HS010    Described by: Hin Sarith Date: 13/01/2009 
Observation type/category: soil pit, full description 
 
 
Location: Datum: IND60 Zone: 48 591781 mE 1314599 mN  GPS measurement 
Elevation (m): 36 
Location notes: Farmer reports that pure sandy soil occurs at about 30 m depth. 
 
Province: KAMPONG CHAM District: Ponhea Kraek 
Commune: Kandaol Chrum Village: Ampuk 
 
Disturbance: moderately disturbed vegetation 
 
Landform 
Landform pattern: upland  
Relief/modal slope: sloping land  
Landform element: slope   
Morphological type: lower slope  




Notes: Rubber trees were planted last year (2008). Surrounding area will be planted 
rubber trees in the near future. 
 
Land use 
Site: Surrounds: rainfed arable cultivation 
 
Current Classification 









Horizon Depth (cm) Description 
A 0-15 reddish grey (5YR 5/2 moist), pinkish grey (5YR 6/2 dry) loamy 
sand; slightly hard dry consistence, slightly sticky, slightly 
plastic; moderate, medium and coarse, granular structure; clear, 
smooth boundary. 
AB 15-40 pinkish grey (7.5YR 6/2 moist), pinkish grey (5YR 7/2 dry) 
sandy clay loam; few fine faint reddish yellow (7.5YR 6/8 moist) 
mottles; slightly hard dry consistence, slightly sticky, slightly 
plastic; strong, medium, subangular blocky structure; gradual, 
smooth boundary. 
B 40-72 pinkish grey (7.5YR 7/2 moist) sandy clay; friable moist 
consistence, slightly sticky, slightly plastic; moderate, fine and 
very fine, angular blocky structure; common roots, fine; very 
few, fine, vughs void; gradual, irregular boundary. 
 72-115 pinkish grey (7.5YR 7/2 moist) clay; firm moist consistence, 
sticky, plastic; moderate, medium, angular blocky structure; few 
roots, fine; very few, fine, vughs void; gradual, smooth boundary. 
 115-170 grey (7.5YR 6/1 moist) clay; few fine distinct yellowish red 
(5YR 5/8 moist) mottles; firm moist consistence, sticky, plastic; 
moderate, medium, angular blocky structure; few roots, fine; very 
few, medium, vughs void. 
 170-220 grey (5YR 6/1 moist) clay; moist soil, sticky, plastic; few roots, 
fine; very few, medium, vughs void. 
 220-250+ grey (5YR 6/1 moist) heavy clay; moist soil, sticky, plastic; fine; 




Ponhea Krek 2 
 
Project & Site Code: SSC HS011   Described by: Hin Sarith Date: 13/01/2009 




Location: Datum: IND60 Zone: 48 585304 mE 1305958 mN  GPS measurement 
Elevation (m): 22 
Province: KAMPONG CHAM District: Ponhea Kraek 




Landform pattern: plain  
Microrelief:  level   
 
Surface and Hydrological Properties 
Physical properties: water table at 110 cm 
 
Vegetation 
Type, Site:  Type, Surrounds:  
Crop:  rice 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 










Depth (cm) Description 
A 0-15 dark reddish grey (5YR 4/2 moist) loamy fine sand; common fine 
distinct reddish brown (2.5YR 4/3 moist) mottles; very friable 
moderately moist consistence, non sticky, non plastic; moderate, 
medium, subangular blocky structure; many roots, fine; common, 
fine, vughs void; gradual, smooth boundary. 
AB 15-36 reddish grey (5YR 5/2 moist) fine sand; very few fine distinct 
reddish brown (2.5YR 4/3 moist) mottles; very friable moist 
consistence, non sticky, non plastic; weak, medium, subangular 
blocky structure; common roots, fine; few, fine, vughs void; 
gradual, wavy boundary. 
B 36-54 light reddish brown (5YR 6/4 moist) fine sand; no mottles; very 
friable moist consistence, non sticky, non plastic; weak, medium, 
subangular blocky structure; few roots, very fine; gradual, 
irregular boundary. 
 54-98 pink (5YR 7/4 moist) fine sand; common fine distinct yellowish 
red (5YR 5/8 moist) mottles; very friable moist consistence, non 
sticky, non plastic; weak, medium, subangular blocky structure; 
gradual, irregular boundary. 
 98-130 pinkish grey (5YR 7/2 moist) fine sandy loam; few medium 
distinct brownish yellow (10YR 6/8 moist) mottles; friable wet 
consistence, slightly sticky, slightly plastic; weak, medium, 
subangular blocky structure; gradual, irregular boundary. 
 130-170 pinkish grey (5YR 7/2 moist) fine sandy loam; many medium 
distinct brownish yellow (10YR 6/8 moist) mottles; friable wet 
consistence, slightly sticky, slightly plastic. 
 170-220 pinkish grey (5YR 7/2 moist) fine sandy loam; wet soil; abundant 
segregations, coarse iron-manganese (sesquioxides) irregular 




Ponhea Krek 3 
 
Project & Site Code: SSC HS012     Described by: Hin Sarith Date: 14/01/2009 




Location: Datum: IND60 Zone: 48 585779 mE 1297946 mN  GPS measurement 
Elevation (m): 17 
Location notes: Farmer reported that pure sandy soil occurs at about 20m depth 
Province: KAMPONG CHAM District: Ponhea Kraek 
Commune: Kak Village: Tuek Yong 
Disturbance: ploughing 
Landform 
Landform pattern: plain  
Relief/modal slope: plain  
Morphological type:  
Microrelief:  level   
Slope curvature: straight 
 
Surface and Hydrological Properties 
Physical properties: water table at 120 cm 
 
Vegetation 
Type, Site:  Type, Surrounds:  
Crop:  rice 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 






Soil Profile Description 
 
 
Horizon Depth (cm) Description 
A 0-18 dark reddish grey (5YR 4/2 moist) loamy fine sand; common fine 
reddish brown (2.5YR 4/4 moist) mottles; friable moist 
consistence, non sticky, non plastic; moderate, medium, 
subangular blocky structure; many roots, fine; few, fine, vughs 
void; clear, smooth boundary. 
AB 18-45 pink (5YR 7/3 moist) fine sand; friable moist consistence, non 
sticky, non plastic; moderate, medium, subangular blocky 
structure; common roots, fine; few, fine, vughs void; gradual, 
smooth boundary. 
B 45-74 pink (5YR 7/4 moist) loamy fine sand; few fine brownish yellow 
(10YR 6/8 moist) mottles; friable moist consistence, non sticky, 
non plastic; moderate, medium, subangular blocky structure; few 
roots, fine; very few, fine, vughs void; gradual, irregular boundary. 
 74-94 pinkish grey (5YR 7/2 moist) fine sandy loam; common medium 
brownish yellow (10YR 6/8 moist) mottles; friable moist 
consistence, slightly sticky, slightly plastic; moderate, medium, 
subangular blocky structure; no roots; few, fine, vughs void; 
gradual, wavy boundary. 
 94-140 pinkish grey (7.5YR 7/3 moist) sandy clay; common medium 
reddish yellow (7.5YR 6/6 moist) mottles; friable wet consistence, 
slightly sticky, slightly plastic; moderate, medium, subangular 
blocky structure; few, fine, vughs void. 
 140-185 pink (5YR 7/3 moist) sandy clay; common medium reddish yellow 
(7.5YR 6/6 moist) mottles; wet soil, sticky, plastic. 
 185-210 pink (5YR 7/3 moist) clay; many coarse brownish yellow (10YR 
6/8 moist) mottles; wet soil, sticky, plastic; common segregations, 
coarse iron-manganese (sesquioxides) irregular reddish brown 
hard. 
 210-240 pink (5YR 7/3 moist) clay; many coarse brownish yellow (10YR 
6/8 moist) mottles; wet soil, sticky, plastic; abundant segregations, 




Ponhea Krek 4 
 
Project & Site Code: SSC HS013      Described by: Hin Sarith Date: 14/01/2009 




Location: Datum: IND60 Zone: 48 582886 mE 1291336 mN  GPS measurement 
Elevation (m): 10 
Province: KAMPONG CHAM District: Ponhea Kraek 





Landform pattern: alluvial plain  
Relief/modal slope: plain  
Landform element: flood plain   
Microrelief:  even   
 
Vegetation 
Crop:  rice 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 










Horizon Depth (cm) Description 
A 0-13 dark reddish grey (5YR 4/2 moist) loamy fine sand; friable 
moderately moist consistence, slightly sticky, slightly plastic; 
moderate, fine, subangular blocky structure; common roots, fine; 
clear, irregular boundary. 
 13-30 pinkish grey (5YR 6/2 moist) loamy fine sand; friable moist 
consistence, slightly sticky, slightly plastic; moderate, fine, 
subangular blocky structure; few roots, fine; gradual, irregular 
boundary. 
 30-50 reddish grey (5YR 5/2 moist) sandy clay; very few fine faint reddish 
yellow (7.5YR 6/8 moist) mottles; friable moist consistence, sticky, 
plastic; moderate, coarse and very coarse, subangular blocky 
structure; few roots, fine; gradual, irregular boundary. 
 50-85 pinkish grey (5YR 7/2 moist) heavy clay; many coarse distinct 
reddish yellow (7.5YR 6/8 moist) mottles; friable moist 
consistence, very sticky, very plastic; strong, coarse and very 
coarse, platy structure; common segregations, medium irregular 
reddish brown both hard and soft; diffuse, irregular boundary. 
 85-140 pinkish grey (7.5YR 7/2 moist) heavy clay; many coarse distinct 
reddish yellow (7.5YR 6/8 moist) mottles and very few medium 
distinct dark red (2.5YR 3/6 moist) mottles; firm moist consistence, 
very sticky, very plastic; strong, coarse and very coarse, platy 
structure; many segregations, coarse irregular reddish Brown both 
hard and soft. 
 140-170+ pinkish grey (7.5YR 7/2 moist) clay; firm moist consistence, very 




Ponhea Krek 5 
 
Project & Site Code: SSC HS014     Described by: Hin Sarith Date: 12/01/2009 




Location: Datum: IND60 Zone: 48 518138 mE 1299062 mN  GPS measurement 
Elevation (m): 18 
Province: KAMPONG CHAM District: Ponhea Kraek 




Landform pattern: alluvial plain  
Relief/modal slope: plain  
Landform element: alluvial fan   
Slope curvature: straight  
 
Vegetation 
Crop:  rice, flooded 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 







Soil Profile Description 
 
 
Horizon Depth (cm) Description 
A 0-19 pinkish grey (5YR 7/2 moist) fine sand; few very fine yellowish brown 
(10YR 5/6 moist) mottles; friable moderately moist consistence, non 
sticky, non plastic; weak, fine, subangular blocky structure; many 
roots, fine; few, fine, vughs void; gradual, smooth boundary. 
B 19-44 pink (5YR 7/4 moist) fine sand; friable moist consistence, non sticky, 
non plastic; weak, fine, subangular blocky structure; few roots, fine; 
few, very fine, vughs void; gradual, irregular boundary. 
BC 44-78 pink (5YR 7/4 moist) fine sand; common yellowish red (5YR 4/6 
moist) mottles; friable moist consistence, non sticky, non plastic; weak, 
fine, angular blocky structure; few roots, very fine; common, fine, 
vughs void; gradual, irregular boundary. 
 78-103 pink (5YR 8/3 moist) fine sand; few medium yellowish brown (10YR 
5/8 moist) mottles; friable moist consistence, non sticky, non plastic; 
weak, medium, angular blocky structure; no roots; common, fine and 
medium, vughs void; clear, smooth boundary. 
 103-130 pink (5YR 8/3 moist) loamy fine sand; common medium olive yellow 
(2.5Y 6/8 moist) mottles; firm moist consistence, slightly sticky, 
slightly plastic; weak, medium, angular blocky structure; common, 
medium and coarse, channels void; clear, irregular boundary. 
 130-148 pinkish white (5YR 8/2 moist) sandy clay loam; common coarse olive 
yellow (2.5Y 6/8 moist) mottles; firm moist consistence, slightly 
sticky, slightly plastic; moderate, medium, angular blocky structure; 
common, medium and coarse, channels void; clear, smooth boundary. 
 148-180 pinkish white (5YR 8/2 moist) sandy clay; abundant coarse reddish 
yellow (7.5YR 6/8 moist) mottles; very firm moist consistence, sticky, 
plastic; strong, medium, angular blocky structure; common, medium 
and coarse, channels void. 
 180-210 pink (5YR 8/3 moist) heavy clay; abundant coarse reddish yellow 
(7.5YR 6/8 moist) mottles; very firm moist consistence, very sticky, 
very plastic; common segregations, medium iron-manganese 
(sesquioxides) irregular reddish brown hard. 
 210-250+ reddish yellow (7.5YR 6/8 moist) heavy clay; abundant coarse dark red 
(2.5YR 3/8 moist) mottles; very firm consistence, very sticky, very 
plastic; many segregations, medium iron-manganese (sesquioxides) 




Kampong Chhnang 1 
 
Project & Site Code: SSC HS015     Described by: Hin Sarith Date: 20/01/2009 




Location: Datum: IND60 Zone: 48 426532 mE 1319465 mN  GPS measurement  
Elevation (m): 117 
Province: KAMPONG CHHNANG District: Tuek Phos 





Landform pattern: plateau  
Relief/modal slope: plateau  
Slope curvature: straight  
 
Vegetation 
Type, Site:  Type, Surrounds:  shrub 
Notes: The land at site is used for rice in wet season. 
 
Land use 
Site: Surrounds: clear felling 
 
Current Classification 






Soil Profile Description 
 
 
Horizon Depth (cm) Description 
A 0-10 dark reddish grey (5YR 4/2 moist) coarse sand; very friable 
moderately moist consistence, non sticky, non plastic; weak, fine, 
subangular blocky structure; many roots, fine; common, fine, vughs 
void; clear, wavy boundary. 
A 10-22 pinkish grey (7.5YR 6/2 moist) coarse sand; very friable moist 
consistence, non sticky, non plastic; weak, fine, subangular blocky 
structure; many roots, fine; common, fine, vughs void; gradual, wavy 
boundary. 
AB 22-40 pinkish grey (5YR 7/2 moist) coarse sand; few medium distinct 
brownish yellow (10YR 6/6 moist) mottles; very friable moist 
consistence, non sticky, non plastic; weak, fine, subangular blocky 
structure; few roots, fine; common, fine, vughs void; gradual, smooth 
boundary. 
 40-69 pinkish grey (7.5YR 7/2 moist) loamy coarse sand; common medium 
distinct brownish yellow (10YR 6/8 moist) mottles; friable moist 
consistence, non sticky, slightly plastic; weak, fine, subangular blocky 
structure; few roots, very fine; common, fine and medium, vughs void; 
gradual, irregular boundary. 
 69-86 pinkish grey (7.5YR 7/2 moist) sandy loam; many coarse distinct 
yellowish brown (10YR 5/8 moist) mottles; friable moist consistence, 
slightly sticky, slightly plastic; moderate, coarse, subangular blocky 
structure; few roots, very fine; common, fine and medium, vughs void; 
gradual, irregular boundary. 
 86-120 pinkish yellow (7.5YR 8/2 moist) sandy clay; many coarse distinct 
dark yellowish brown (10YR 3/6 moist) mottles; friable moist 
consistence, sticky, plastic; moderate, coarse, subangular blocky 
structure; few, medium, vughs void; gradual, irregular boundary. 
 120-175 pinkish yellow (7.5YR 8/2 moist) clay; abundant coarse distinct dark 
yellowish brown (10YR 3/6 moist) mottles; moist soil, sticky, plastic; 
moderate, coarse, subangular blocky structure; common coarse 
fragments subangular fine gravel quartz few, medium, vughs void. 
 175-220 light grey (5YR 7/1 moist) heavy clay; abundant coarse distinct dark 
yellowish brown (10YR 3/6 moist) mottles; wet soil, sticky, plastic; 
many coarse fragments subangular fine gravel quartz. 
 220-250+ light grey (5YR 7/1 moist) heavy clay; abundant coarse distinct dark 
yellowish brown (10YR 3/6 moist) mottles; wet soil, sticky, plastic; 
many coarse fragments subangular fine gravel quartz. 
256 
 
Kampong Chhnang 2 
 
Project & Site Code: SSC HS016     Described by: Hin Sarith Date: 21/01/2009 




Location: Datum: IND60 Zone: 48 443059 mE 1331363 mN  GPS measurement 
Elevation (m): 16 
Province: KAMPONG CHHNANG District: Tuek Phos 




Landform pattern: plain  
Relief/modal slope: plain  
Microrelief:  even   
Slope class (US): nearly level 
 
Surface and Hydrological Properties 
Physical properties: water table at 141 cm 
 
Land use 
Site: rainfed arable cultivation Surrounds: wet rice cultivation 
 
Current Classification 










Horizon Depth (cm) Description 
Ap 0-16 dark reddish grey (5YR 4/2 moist) coarse sand; loose moderately 
moist consistence, non sticky, non plastic; massive structure; 
many roots, fine; clear, smooth boundary. 
ABp 16-36 pink (5YR 7/3 moist) coarse sand; loose moist consistence, non 
sticky, non plastic; massive structure; few roots, fine; diffuse, 
smooth boundary. 
B 36-71 pink (5YR 7/4 moist) coarse sand; loose moist consistence, non 
sticky, non plastic; massive structure; few roots, very fine; 
gradual, irregular boundary. 
v 71-110 pinkish grey (7.5YR 7/2 moist) coarse sand;  medium faint 
reddish yellow (7.5YR 6/8 moist) mottles; loose moist 
consistence, non sticky, non plastic; massive structure; gradual, 
irregular boundary. 
 110-150 light reddish brown (5YR 6/3 moist) loamy coarse sand; coarse 
prominent strong brown (7.5YR 5/8 moist) mottles; loose moist 
consistence, non sticky, non plastic; massive structure; many 
coarse fragments subangular fine gravel quartz. 
 150-180 light brown (7.5YR 6/4 moist) sandy clay;  coarse prominent red 
(10R 4/6 moist) mottles; wet soil, sticky, plastic; many coarse 
fragments subangular fine gravel quartz. 
 180-240+ light grey (7.5YR 7/1 moist) clay; coarse prominent light 
yellowish brown (2.5Y 6/4 moist) mottles; wet soil, sticky, 




Kampong Chhnang 3 
 
Project & Site Code: SSC HS017     Described by: Hin Sarith Date: 21/01/2009 





Location: Datum: IND60 Zone: 48 459982 mE 1332500 mN  GPS measurement 
Elevation (m): 33 
Province: KAMPONG CHHNANG District: Tuek Phos 





Landform pattern: plain  
Relief/modal slope: plain  
Landform element: flood plain   
 
Surface and Hydrological Properties 
Physical properties: loose surface 
 
Vegetation 
Type, Site:  Type, Surrounds:  
Crop:  rice 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 






Soil Profile Description 
 
 
Horizon Depth (cm) Description 
Ap 0-18 dark reddish grey (5YR 4/2 moist) coarse sand; loose moist 
consistence, non sticky, non plastic; massive structure; many 
roots, fine; clear, smooth boundary. 
AB 18-40 pink (5YR 7/3 moist) coarse sand; loose moist consistence, non 
sticky, non plastic; massive structure; few roots, fine; diffuse, 
smooth boundary. 
B 40-77 pink (5YR 7/3 moist) coarse sand; loose moist consistence, non 
sticky, non plastic; massive structure; few roots, very fine; 
gradual, smooth boundary. 
 77-112 pink (5YR 7/4 moist) coarse sand; coarse distinct brownish 
yellow (10YR 6/8 moist) mottles; loose moist consistence, non 
sticky, non plastic; massive structure; gradual, irregular 
boundary. 
 112-145 pinkish yellow (7.5YR 8/2 moist) sandy clay loam; very friable 
moist consistence, slightly sticky to sticky, slightly plastic; 
abundant segregations, medium iron-manganese (sesquioxides) 
irregular hard; very few coarse fragments subangular fine gravel 
quartz. 
 145-185 white (7.5YR 8/1 moist) clay; many medium distinct dark red 
(10R 3/6 moist) mottles; wet soil, very sticky, very plastic; 
common coarse fragments subangular fine gravel quartz. 
 185-235+ white (7.5YR 8/1 moist) heavy clay; many medium distinct 
brownish yellow (10YR 6/8 moist) mottles; wet soil, very sticky, 





Kampong Chhnang 4 
 
Project & Site Code: SSC HS018     Described by: Hin Sarith Date: 22/01/2009 




Location: Datum: IND60 Zone: 48 470561 mE 1336103 mN  GPS measurement 
Elevation (m): 15 
Province: KAMPONG CHHNANG District: Rolea B'ier 




Landform pattern: plain  
Relief/modal slope: plain  
Landform element: flood plain   
 
Surface and Hydrological Properties 
Rock outcrop: no rock outcrop 
Surface coarse fragments: no gravel, no stones 
Physical properties: water table at 173 cm 
 
Vegetation 
Type, Site:  Type, Surrounds:  
Crop:  rice 
 
Land use 
Site: wet rice cultivation Surrounds: wet rice cultivation 
 
Current Classification 












Depth (cm) Description 
Ap 0-15 dark reddish grey (5YR 4/2 moist) coarse sand; very friable 
moderately moist consistence, non sticky, non plastic; very weak 
structure; many roots, fine; clear, smooth boundary. 
ABp 15-34 pinkish grey (5YR 7/2 moist) coarse sand; loose moist consistence, 
non sticky, non plastic; very weak structure; few roots, fine; diffuse, 
smooth boundary. 
B 34-62 pink (5YR 7/3 moist) coarse sand; loose moist consistence, non 
sticky, non plastic; very weak structure; few roots, very fine; very 
few coarse fragments subangular fine gravel quartz; gradual, 
irregular boundary. 
 62-93 pink (5YR 7/3 moist) coarse sand; many medium distinct yellowish 
brown (10YR 5/8 moist) mottles; very friable moist consistence, non 
sticky, non plastic; few coarse fragments subangular fine gravel 
quartz; gradual, smooth boundary. 
 93-127 pinkish white (5YR 8/2 moist) loamy coarse sand; many medium 
distinct yellowish brown (10YR 5/8 moist) mottles; very friable 
moist consistence, slightly sticky, slightly plastic; few coarse 
fragments subangular fine gravel quartz; gradual, smooth boundary. 
 127-155 pinkish white (5YR 8/2 moist) sandy clay loam; many coarse distinct 
yellowish brown (10YR 5/6 moist) mottles; friable wet consistence, 
slightly sticky, slightly plastic; few coarse fragments subangular fine 
gravel quartz. 
 155-197 white (7.5YR 8/1 moist) clay loam; many coarse distinct yellowish 
brown (10YR 5/6 moist) mottles and abundant medium distinct dark 
red (10R 3/6 moist) mottles; wet soil, sticky, plastic; few coarse 
fragments subangular fine gravel quartz. 
 197-250+ white (7.5YR 8/1 moist) heavy clay; many coarse distinct yellowish 
brown (10YR 5/6 moist) mottles and common medium distinct dark 
red (10R 3/6 moist) mottles; wet soil, sticky, plastic; common coarse 
fragments subangular fine gravel quartz. 
262 
 
Kampong Chhnang 5 
 
Project & Site Code: SSC HS019    Described by: Hin Sarith Date: 22/01/2009 




Location: Datum: IND60 Zone: 48 466225 mE 13438806 mN  GPS measurement  
Elevation (m): ?? 
Province: KAMPONG CHHNANG District: Rolea B'ier 
Commune: Null Village: Null 
 
Disturbance: no influence  (assumed near natural) 
 
Landform 
Landform pattern: plateau  
Relief/modal slope: mountainous highland  
Landform element: slope   
Morphological type: middle slope  
Slope class (US): sloping  
Slope curvature: convex 
 
Land use 
Site: clear felling Surrounds: clear felling 
 
Current Classification 












Depth (cm) Description 
A 0-25 pinkish grey (5YR 6/2 moist) coarse sand; loose moderately moist 
consistence, non sticky, non plastic; many roots, medium; gradual, 
wavy boundary. 
AB 25-54 light reddish brown (5YR 6/3 moist) coarse sand; medium faint 
yellow (10YR 7/6 moist) mottles; very friable moist consistence, non 
sticky, non plastic; common roots, medium; diffuse, irregular 
boundary. 
B 54-82 pinkish grey (5YR 7/2 moist) coarse sand; very friable moist 
consistence, non sticky, non plastic; few roots, medium; diffuse, 
smooth boundary. 
 82-99 pink (5YR 7/3 moist) coarse sand; medium distinct yellowish red 
(5YR 5/8 moist) mottles; very friable moist consistence, non sticky, 
non plastic; few roots, fine; very few coarse fragments subangular fine 
gravel; diffuse, smooth boundary. 
 99-143 pinkish grey (7.5YR 7/2 moist) loamy coarse sand; coarse distinct 
yellowish red (5YR 5/8 moist) mottles; very friable moist consistence, 
slightly sticky, slightly plastic; very few segregations, fine iron-
manganese (sesquioxides) irregular reddish brown hard; few roots, 
fine; very few coarse fragments subangular fine gravel; diffuse, 
irregular boundary. 
 143-185 light grey (5YR 7/1 moist) sandy clay loam; coarse distinct reddish 
yellow (5YR 6/8 moist) mottles; friable moist consistence, slightly 
sticky, slightly plastic; few segregations, medium iron-manganese 
(sesquioxides) irregular reddish brown hard; few roots, fine; very few 
coarse fragments subangular fine gravel; diffuse, irregular boundary. 
 185-220 pinkish yellow (7.5YR 8/2 moist) sandy clay; moist soil, sticky, 
plastic; few segregations, fine iron-manganese (sesquioxides) 
irregular reddish brown hard; very few coarse fragments subangular 
fine gravel. 
 220-250+ pinkish yellow (7.5YR 8/2 moist) clay; dark red (10R 3/6 moist) 
mottles; moist soil, sticky, plastic; very few segregations, fine iron-
manganese (sesquioxides) irregular reddish Brown hard; very few 






Appendix 4.1 Estimating lime requirement by using Dunn titration curve method 
for Tramkak 1 (TK), Ponhea Krek 1 (PK) and Kampong Chhnang 
4 (KC) sands, used for the experiments in Chapter 4, 5, and 6. 
Results were obtained after adding graded volumes of 0.022M 
Ca(OH) solution to 20 g air dry soil, dilution to 100 ml with DI 
water, and incubation at 25 oC  for 4 days. Plotted data are means 
of 3 replicates. 
y = 1.7335x + 5.925
y = 4.2612x + 5.985
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